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AIRPLANE  KEGIKE  DU  SI  GIT 


Description  of  Course.  Subject  matter,  available  material  and 
precedent.  •  ... 

The  Internal  Combustion  Engine.  Its  development  and  influence. 

Airplanes ■ became  possible  when  this  engine  was  sufficiently 
developed.-  • 

Essential  difference  of  this  engine  and  the  steam  engine; 
relative  efficiency. 

Difficulties  to  be  encountered,  high  temperatures  and 
residue  of  combustion;  limited  range  of  fuels  that  can  be 
used. 

What  we  must  know  to  design  a  motor. 

Action  of  the  Internal  Combustion  Engine.  Relies  on  the  heating 
of  air  by  means  of  fuel  burned  within  the  cylinder.  The 
combustion  causes  a  rapid  rise  of  temperature  with  conse¬ 
quent  rise  of  pressure  which  is  utilized  on  the  moving 
piston. 

Two • Dis tinct  Methods , - 

-  1*  "Explosion"  Engines  or  "Constant  Volume" 

Engines. 

2.  "Diesel"  Engines  or  "Constant  Pressure" 

Engines. 

Method  of  working -of  each. 

"Semi-Diesel"  engines,  a  compromise  between  the 
two;  a  promising  future. 

Essential  difference  bet ween  the  two  classes. 

The  Explosion  Engine.  Various  cycles.  • 

Two-stroke  cyc3.-e.  Pour-stroke  cycle ,•  Six-stroke  cycle. 
Advantages  and  disadvantages  of  each.  •  . 

Pour-Stroke  cycle  best  adapted  for  airplane  service.. 

Thermal  Efficiency.  Dependent  mainly  on  degree  of  compression. 
Theoretical  efficiency,  a  standard  set-up  w-ith  which  / 
actual  efficiency  of  the  engine  can  be  compared. 

Chemical  combustion  of  fuel;  and  chemical  action. 

"Lower  heating  value"  of  a  fuel  is  the  heating  value 
after  the  heat  required  for -the  conversion  of  the  water 
into  steam  has  been  deducted.  ■ 

The  ratio  of  the  heat  converted  into  work  to  the 
total  heat • available  (lower  heating  value)  is  the  thermal 
efficiency. 

* 
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Review  of  Fundamentals 


Specific  Heat  of  Air  ... 

Specific  heat  of  air  at  constant  pressure  is • 0.2375 • B* T*U. 
Specific  heat  of  a'r  at  constant  volume  is  0.1691  B.T.U. •• 

The  difference  of  these  two  specific  heats,  0.0684  B.T.U. , 
is  the  amount  of  heat  which  is  used  to  effect  the  Expansion 
under  constant  atmospheric  pressure,  same  amount  of  heat 
would  he  liberated  if  the  air  were  compressed  to  its  original 
volume. 

The  ratio  between  the  two  specific  heats  of  air  is 

0.2375 

n  =  --- - =  1.4  nearly. 

Oi  169.1 

Boyle ’ s  Xaw.  At  constant  temperature,  PV  =  constant. 


P  T  V  T 

Charles ’  Law. .  --  =  --  and  —  =  — 

P1  T1  Tx 

The  pressure  or- volume  of  a  gas  is  proportional  to 
its  absolute  temperature* 

Absolute  Zero  of  Temperature. 


Thermal  Efficiency 


-273°C  or  -  459 °P. 


The  ratio  of  the  heat  supplied  minus  the  heat  rejected  to 
the  available  supply  of  heat. 

Efficiency  could  only  reach  100^  by  r  educing  the  temperature 
at  the  end  of  the  cycle  to  absolute  zero. 

The  lowest  temperature  cannot  be  much  reduced,  and  it  is 
subject  to  not  much  variation.  So,  the  efficiency  can  only 
be  materially  increased  by  increasing  the  maximum  temperature. 
Illustrative  example. 

Isothermal  and  Adiabatic  Expansion. 

Expansion  and  compression  at  constant  temperature  is  ’’isotherm 
al",  PV  =  constant. 

If  no  heat  is  allowed  to  escape,  the  temperature  not  re¬ 
maining  constant,  the  expansion  and  compression  is  ’’adiabatic" 
FVn  =  constant,  when  "n”  is-  ratio  of  specific  heats. 

T1  _  (  v 

Y  ~  VVjT' 


Illustrative  example 


In  an  internal  combustion  engine  the  expansion 

more,  nearly  adiabatic  .  than .  isothermal,  and  dei 
of  "n1f  i  or  the  explosive  mixture  under  the  worn 


and  compression  are 

indent  qn.the  value 
:ing 


conditions, 
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IDEAZ  INDICATOR  DIAGRAM 


*vXl  .  — 


stroke  \ 


Clearance  * 


vcl.  of  clearance  space 


vol.  of  piston  displacement 


vol.  cf  clearance  +  vcl.  of  piston 

n  .  displacement 

Compression  ratio  - - - 

vcl.  of  clearance 


Method  of  binding  Theoretical  Pressures  and  Temperatures. 

Example:  Take  clearance  =  25$?  * 

Compression  Ratio  =  5, 

Initial  pressure,  pa  =  atmospheric,  14.7  abs. 
Initial  temperature  ta  =  60°E  *  519°  abs. 


Then  Ps  =  Pa  =  14,7 

P  SL  1.4 

-0  =  (--) 


Ts  —  Ta  =  519° 


P-  =  14.7  x  5 


1.4 


=  (--) 


Vs  0.4 


V 


=  140  pounds  abs. 


Tc  =  519  x  5 


0.4 


=  988. 
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He^ t  of  explosion  —  weight  of  charge  X  its  specific  heat 

X  rise  of  temperature. 


80  (Vs  ’  V  )  =  0.0784  V  X  0.169  (T  -  T  ) 


m  c 


T  -  T  =  SO  X  ---  X  „ _ 

me  & 

.0784  X  .169 


Tffi  -  988  =  4720 


P"  T 
_m  -  _m 

pc  *c 


T  =  5708° 
m 


P  = 
m 


5708 

140 - 

988 


=  808.8 


Ho  such  values  for  and.  Pm  are  ever  actually  reached* 


^et  us  assume 


Prn  =  450  libs  * 


450 

T  =  988 
ra  190 


Then, 


Tm  =  3176°  abs. 


,  1  1*4 

•  Pr  =  450  (---)  =  47^3 

5  •  - 

1  0.4 

Tr  =  3l76(-i-)  =  1668° 

Thermal-  Kff  icien  cy 

Ratio  of  heat  acccunted-f o r  as  doing  work  on  the  piston 
tc  the  total  heat  supplied  to  the  engine. 

Heat  supplied  =  specific  heat  X  (Tm  -  T  ) 

Heat  discharged  =  specific  heat  X  (T  -  T  ) 

r  s 


E  = 


Spec,  heat  ( Tm  -  T c)r  -  Spec,  heat  (Tr  -  Ts) 


Spec,  heat  ( Tm  -  Tc) 


1 


1 


•  475 


1688  -  519 
3176  -  988 


Since  the  heat  is  both  supplied  and  discharged  at  constant  volume, 
and  since  both  the  compression  and  expansion  are  adiabatic,  the 
efficiency  is  dependent  solely  on  the  compression • ratio,  and  is 
independent  of  the  maximum  or  initial  temperature.  Therefore, 


This 


is  known  as 


n-1 

=  1 


the  ’’Air  Standard "  Efficiency. 


47 ,  5% 


Prolongation  of  Ex-pans  ion  Stroke.  Increase  of  expansion  ratio 
in  relation  to  compression  ratio. 

expansion  were  continued  to  atmospheric  pressure. 


14.7 


11.5  expansions 

11*5 


Then,  length  of  expansion  stroke  must  be  ----  or 

o 

the  length  of  the  compression  stroke. 


2.3  times 


1  n-1 

T.  =  T  ( - )  =  1197. 

f  ®  11.5 


■r.  .  T_  '  '  1197  -  519 

E  .=  1  -  n(-f - -)  =  1  -  1.4( . )  =  56 . 1% 

T  -  T.  3176  -  988 

me 


In  such- case,  the  air  standard  efficiency  would  be  increased 
from  4-7.5 %  to  56.7%;  but  the  efficiency  would  no  longer  be 
dependent  on  the  compression  ratio  alone,  but  would  vary 
according  to  the  maximum t emperature .  The  length  of  the  ex¬ 
pansion  stroke  wcu-ld  also  be  dependent  on  the  maximum  pres¬ 
sure  and  temperature;  and  it  would  be  necessary,  for  best 
results,  to  vary  the  length  of  the  expansion  s  troke  in  relation 
to  the  compression  stroke  for  every  variation  of  the  tempera¬ 
ture  and-  pressure,  which  is  impracticable  in  ordinary  type 
of  engine. 


4 
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Conclusions  ... 

The  air  standard  efficiency,  when  the  gases  are  expanded 
to  the  same  volume  as  before  compression,  is  dependent 
solely  on  the  ratio  of  compression. 

The  efficiency;  when  the  expansion  is-  carried  to 
atmospheric  pressure,  is  no  longer  dependent  on  the  ratio 
of  compression,  but  is  also  dependent  on  the  maximum 
temperature,  and  increases  slightly  with  increase  of  tem¬ 
perature-.  •  .  .. 

These  conclusions  are  based  on  the  assumptions , - 

That  the  working  fluid  is  pure  dry  air. 

That  its  specific  heat  remains  constant  at 
constant  volume  for  the  whole  range  of 
temperature. 

That  both' the  compression  and  expansion  are 
adiabatic. 

That  combustion  is  instantaneous  and  takes 
place  at  constant  volume';  and 
That  the  gases  are  expanded  tc  precisely  the 
same  volume  as  they  originally  occupied.  -  • 

In  actual  practice  none  of  these  assumptions  hold  good, 

for:  •' 

The  working  fluid  is  not  pure  dry  air,  but 
contains  a  proportion  of  other  gases  whose 
specific  heat  at  constant  volume  and  con¬ 
stant  pressure  do  not 'bear  the  same  relation 
as  in  -the  case'  of  air. 

It  has  been  proven  recently  that  -the  specific  -heat 
of  the  working  fluid  is  net  constant  over  a  wide  range  of 
temperature,  but  increases  considerably  at  very  high  •■tem¬ 
perature,  This  is  of  great  importance.  . 

^either  the  compression  net  expansion  is  truly, 
adiabatic,  owing  to  the  change  that  takes  place 
■  in  the  specific  heat.  Also  heat  is  lost  to  the 
cylinder'  walls.  . 

The  combustion  is  not  instantaneous;  the  pro¬ 
pagation  of  flame  throughout  the  whole  of  the 
working  fluid  takes  an  appreciable  amount  of  time, 
and  combustion  continues  during  part  of  the  ex¬ 
pansion  stroke. 

The  gases  are  not  expanded  to  the  same  volume 
as  they  occupied  before  compression,  for  it  is 
necessary  to" open  the  exhaust  valve  slightly  be¬ 
fore  the  end  of  the  stroke. 

To  make  due  allowances  for  all  these  discrepancies  renders 
the  calculation  of  the  thermal  efficiency  of  an  engine 
exceedingly  complicated  and  difficult.  Although  the  ear 
standard  efficiency  of  explosive  engines  is  independent  of 
the  maximum  temperature,  it  will  be  found  that  the  lower  the 
maximum  temperature  the  higher  the  efficiency.  This  is  a  . 
matter  of  great  importance. 
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REAL  INDICATOR  DIAGRAM 


Differences  "between  actual  and  ideal  engine  occur  in  each  part 
of  the  cycle . 

Admission  Stroke,-  Pressure  below  atmospheric,  necessary  to 

cause  charge  to  flow  into  cylinder  with  sufficient  velocity 
may  be  12  to  14  pounds.  Charge  heated  by  residual  burned 
gas  and  by  contact  with  hot  piston,-  temperature  may  be 
160°  -  260°  F.  .... 

Compression  Stroke,  -  ^ot  exactly  adiabat ic ,  -  •  "n M  may  be  1.23  to 
1  *33  A’Pressure  may  be  100  to  120  pounds. 

Explosion,-  Neither  instantaneous  nor  complete;  slow  with  weak 
mixtures;  vitiation  of  charge  has  delaying  effect. 


Weak 

Mixtures 
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••  . 


♦ 

: 

i 
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Rise  of  temperature  and  pressure  may  be  only  3/5  that  of 
ideal  engine;  temperature  may  be  2000°  to  3000°  F.  ,  pressure 
may  be  250  to  400  pounds;  raising  compression  increases  each 
Power  considerably  less  than  ideal.  Water  jacket  may  absorb 
40%  of  total  heat  of  combustion. 

■Working  Stroke,-  -Expansion  curve  not  exactly  adiabatic,-  "n”  may 
be  1.25  to  1.5;  cylinder  walls  give-back  heat,  especially 
when  mixture  is  ^eak. 

Exhaust  Stroke,-  Exhaust  begins  before  end  of  working  stroke, 
diagram  rounded  off.  Pressure  at  release  may  be  35  to  75 
pounds,  temperature  may  be  1200°  to -1800°  F, ;  pressure  dur¬ 
ing  stroke  may  be  15.5  to  17  pounds.  Efficiency  less  than 
ideal. 

Mean  Effective  Pressure,-  Diagram  consists  of  two  loops,  upper 
represents  positive  work,  lower  negative  work,  difference  cf 
two  areas  is  total  work  on  piston;  smaller  is  pumping  work, 
a  definite  loss;  planimeter  gives  difference. 


Causes  of  the  Different  Losses 


Suction  Stroke,-  Power  used-up  by  piston  suction  corresponding 

to  amount  required  to  overcome,-  • 

1.  Resistance  in  carbureter.  2.  resistance  in  inlet 
manifold  and  passages,  3*  resistance  of  the  inlet 
valve. 

This  loss  should  be  small. 

Throttling  the  engine  gives  a.  ..-loss  which  would  be  shown  by 
a  lowering  of  the  suction  line.  The  area  below  the  atmospheric 

line  represents  the  power  1  os  t  dur¬ 
ing  suction  stroke.  If  the  velocity 
cf  gas  through  the  valve  passage  is 
constant,  the  exhaust  line  will  be 


horizontal.  If  the  valve  passage  is 
too  small,  the  suction  line  will 
decline.  -  .  -  ;  .. 

To  obtain  high  compression,  the  charge  should  be  kept 
cool  before  entering  the  cylinder.  Preheating  for- more 
through  vaporization  is  bad  for  compression  and  the  amount 
of  charge,  but  necessary  for  the  purpose  named.  A  cooler 
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charge  will  often  result  in  more  power,  even  though  the  fuel 
efficiency  is  lower*  The  higher  the  compression  pressure, 
the  higher  the  efficiency;  and  the  greater  the  weight  of 
charge-,  the  greater  the  power.  The  weight  of  charge  decreas 
es  with  temperature  rises.  .... 

Important  to  have  perfectly  combustible  mixture,  -  just 

* 

the  right  proportion  of  air  and  gasoline  vapor.  One  propor¬ 
tion  for  which  flame  propagation  is  highest.  Slight  devia¬ 
tion  therefrom  will  make  -marked  difference  in  velocity  of 
propagation,  power  and  thermal  efficiency. 

Compression  Stroke,-  Cylinder -not  completely  filled. 

Proportion- -of  residual  gas. 

Character  of  compression  curve  depends  on,-  . 

Temperature  of  walls;  the  cooler  they  are  the  nearer  the 
curve  a-ppr caches  isothermal.  -  -  • 

Time  taken  for  compression;  the -higher  the  speed,  the 
higher  the  compression  pressure. 

If  compression  pressure  is  lower  at  higher  -  speeds  it  is 
due  to  increased  loss  of  charge  or  suction,  which  means 
increased  fluid  friction  through  valve  passage,-  cylinder 
does  not  fill.-'  Importance  of  large  valves  and  passages. 
The  higher  the  r.p.m*,  ..the  less  heat  lost  to  the  walls;  but 
the  larger  the  ratio  of  surface  to  volume  of  ccmpressi  on 
space  the  mere  heat  will  be  lost*  ... 

Volume  increases  as  cube. of  linear  dimensions;  the  surface 
increases  as  the  square. 

Effect  with  mul ti- cylinder  engines-. 

Throttling  the  engine  will  reduce  the  compression, 
retard  combustion,  lower  the  height  of  the  peak  and  the 
efficiency.  •  - 


...t  -Diagram  for  throttling  is 
,  By  advancing  ignition 
area  of  diagram  could  have 
been  increased  -  line  '’a"* 

Peak  would  be  raised  and’ 
power  increased  by  advancing 
spark  lever  with  corresponding 
changes  in  throttle  lever. 
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Point  above  which  an  increase  cf  compression  will  not  give 
more  power,  owing  to  increased  losses  on  compression  and 
heat  lost  through  cylinder  walls.  Greatest  drawback  to 
high  compression  is  increased  temperature,  - 
pre-igniticn. 

High  compression  and  pure  charges  have  important  bearing  on 
rapidity  cf  combustion. 

The  diagrams  20,  40,  and  60  show  dif- 


different  compression-  pressures 
of  20,  40  and  60  pounds. 


Point  of  ignition  nin  was. shifted; 

" eu'  i-s  the  point  where  the  -total 
charge  is  practically  ignited  and 
expansion  begins. 

Diagrams  ,fpn  and  Mvn  -show  the 
effect  of  purity  charge.  ”p’V, -pure 
charge;  "v"  charge  vitiated  with 


After 


"d8  -rises 


ignition  the  same  in  each, 
ignition  at  "i",  the  curve 
to  "a"  in  the  same  time  -that  curve 
"vM  rises  to  "b”.  If  the  ignition 
had  been  advanced  for  uvM  its  peak 
would  have  been  higher,  as  pressure 
”b”  at  end  of  stroke  would  have 
**^*«ir2  been  higher,  giving  a  higher 
temperature  and  more  rapid  flame  propagation*  -  ;-'- 

When  the  ‘amount  of  burned  gas  in  the  cylinder  is  changed  the 
ignition  point  also  should  fee  changed. 

Time  of  Ignition  and  the  Working  Stroke,-  The  higher  the  compres¬ 
sion,  the  smaller  the-quantity  of  gasoline  required  to  ob- • 
tain  the  best  results,  and  the  later  the  point  of  ignition* 

If  the  point  of  ignition  is  net  advanced  when  the  'charge 
consists  of  an  excess  of  air  or  an  excess  of  gas,  -there  will 
be  additional  delay  inthe-flame  propagation  b  es  ides  reduc¬ 
tion  in  height  cf  the  peak* 


■/ 
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Diagram  "p"  is  for  perfect  mixture; 
diagram  "a”  fcr  an  excess  of  air,  "gM 
for  an  excess  of  gas. 

When  the  mixture  is  imperfect,  its 
temperature  will  have  to  he  increased 
before  ignition  of  the  total  charge 
can  take  place;  increased  time  required  for  combustion  of 
the  total  charge.  Diagram  "gu  shows  that  some  layers  of  the 
rich  gas  are  ignited  late;  curve  does  not  follow  adiabatic 
expansion,  pressure  and  temperature  at  release  are  high, 
engine  heats-up. 

Important  to  have  point  of  ignition  correct  when  mixture 
is  perfect*  If  ignition  is  too  early  combustion  will  begin 
before  dead  center,  increasing  negative  work  and  lowering 
expansion  line  and  power  of  engine. 

Ignition  point  *  "i"  is  correct 
in  diagram  "cM.  In  diagram 
'’a”  ignition,  "e",  is  advanced 
too  much.  Loss  in  power  is 
represented  by  the  shaded  area. 


Area  ”fH  indicates  the  power  opposing  the  motion  of  the 
piston.  If  this  area  added  of 
that  under  the  compression 
line  is  ..much  more  than  85 %  of 
remaining  area  it  may  stop  the 
engine- at-  no  load!  remaining 
15/£  fceing  power  loss  in  suc¬ 
tion  stroke  and  friction. 


I 


•  l>  f* 
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Plame  propagation  is  not  instantaneous;  varying  piston 
speeds  require  different  points  of  ignition  to  give  maximum 
pressure  at  end. of  stroke. 


Diagrams  §.re  for-  same  point  of 
ignition  when  speeds  are  400,  800 
and  1500  r*p.m.  About  same  kind  of 
diagrams  if  speed  were  -constant  and 
point  of  ignition  retarded.  Pressure 
and  temperature  at  release  higher 
with  the  800  and  1500;  late  ignition 
heats -up  engine. 


The  five  diagrams  show  the  effect  on  combustion-  of  ex¬ 
cessive  cylinder  wall  cooling.  Dive  different  cylinder  wall 

temperatures;  "a"  hottest,  "e"  coldest. 
Also,  the  greater  the  wall  surfade 
the  lower  the  peaks.  By  advancing 
the  ignition  more  power  would  have 
been  obtained,  peaks  would  have  been 
higher.  Proper  point  of  ignition 
depends  on  cylinder  wall  temperature. 
Reverse • effect  when  cold  engine  is 
started.  . 


Compression  is  the  same  in  the  five  cases;  amount  of  charge 

is  larger  when  walls  are  cold  ,  gain  in  charge  -  neutral izes  heat 

loss  through  jacket.  Higher  peaks  and  mere  power  by  keeping 

walls  at  lew  temperature;-  but  thermal  efficiency  is  lower, 

losses  -through  walls  is  greater.  . 

Expansion  Stroke.  Height  of  expansion  curve  depends  on: 

Volume  of  the  charge 
Quality  of  the  working  mixture 

C omp.r e  s  s  i  on  pr e s  sure 
Point  of  ignition 
Speed  of  engine 

Losses  through  cylinder  walls,  -•  ’  .... 

✓ 

A  small  change  in  pressure  at  end  of  suction  stroke  or 

beginning  of  compression  stroke  makes  astonishing  change  in 
expansion  line,-  An  increase  of  only  a  half  pound  produces  larg- 
increase  in  power. 


*  . 


V  •  '  \ 
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The  two  diagrams  are  for 
the  "best  mixture  and  best  point  of 
ignition  at  same  piston  speed.  One 
with  compression  beginning  at  13 
pounds^  and  the  other  at  13*5 
pounds.  Chief  reason  for  better 
expansion  curve  and  increased • power 
is  increased  volume  of  charge. 

Increase  in  size  of  valves 
and  passages  gives  larger  volume  of 
charge,  but  the  increase  in  size 
means  larger  valve  pockets  which  carries  with  it  larger  heat 
losses.  the' 

The  larger/ area  :  of  cylinder  walls,  the  larger  the 

heat  losses;  these  losses  may  be  reduced  by  increasing  the 
wall  temperature.  If  temperature  is  too  high,  difficulties 
from.,  lubneation  and  friction  arise. 

For  highest  efficiency,  difference  in  temperature • of 
entering  and  leaving  cooling  water  should  be  a  minimum. 

Length  of  time  the  hot  gases  are  in  contact  with  cylinder 
mils  affects  thermal  efficiency. 


The  two  diagrams  taken  under 
most  favorable  conditions  of 
ignition  and  charge.  One  at  300 
r.p.m., the  other  at  1000  r.p.m. 
Compression  the  same  in  each  case, 
but- ignition  advance  for  1000 
r.p.m. 

At-  higher  engine  speeds  the  gas 
expands  at  higher  pressure,  be¬ 
cause  of  smaller  thermal  losses, 
haust  Stroke.  Always  a  certain-  loss  due  to  back  pressure-.  If 
exhaust  valve  is  too  small  er  its  lift  insufficient,  or  the  . 
passages  or  exit  restricted  there  will  result  an  ascending 

.  exhaust  line  giving  a  back-pressure 
■'  loss  which  should  be  corrected. 

The  pressure  at  the  end  of 
the  exhaust  stroke  is  an  .index 
of  the  amount  of  burned  gases 
remaining  in  clearance  space; 
any  means  of  reducing  this  amount 
will  result  in  increase  of  engine 
power. 
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HCURCES  Off  LOSS  OF  EFFICIENCY 


Cooling  Water  Losses.  -  Besides  increase  of  specific  heat  at 
high  temperatures,  loss  of  heat  to  walls  and  piston 
account  for  a  substantial  proportion  of  the  discrepancy. 
These  parts  should  he  kept  comparatively  cool.  Con¬ 
siderable  proportion  of  heat  liberated  during  combustion 
and  expansion  po.ss  into  cylinder  walls  and  is  lost.  In 
order  to- reduce  these  losses  it  is  essential  that,- 

1.  Surface  exposed  to  gases  should  be  as  small 
as  possible. 

2.  Temperature  of  working  fluid  should  be  as 

low  as  possible..  . 

Heat  lest  to  cylinder  walls  not  easily  determined. 
True  less  generally  ranges  between  40%  and  60%  of  that 
accounts!  by  the  cooling  water,  depending  on  design,  size 
and  speed. 

Glow  Combustion.  Loss  due  to  incomplete  or  delayed  combustion. 

«  % 

Incomplete  combustion  is  generally  due  to,- 

l;  Stagnation  of  the  working  fluid. 

2.  Presence  of  pockets  or  recesses  in  com- 
‘  bust ion  space. 

3.  Presence  of  la^rge  proportion  of  inert  gases. 

Stagnation  of  working  fluid  one  of  the  most . important 
For  complete  combustion  it  is  essential  that  the  gases 
be  in  a  state  of  rapid  motion;  normal  rate  of  propagation 
of  f lame . is  too  slow.  If  velocity  of  gases  at  time  of 
combustion  is  high,  propagation  of  flames  may  be  rapid. 

Presence  of  large  proportion  if  inert  gases  delays 
rate  of -flame  propagation  only  when  intimately  mixed  with 
mixture.  If  mixing  can  be  prevented  their  presence.,  may 
be  desirable,  owing  to  lower  temperature.  - 

Practical  Limits  of  Compression.  Extremely  high • compress icn 

ratios  not  possible,  because  of  pre-ignition.  Compression 
ratio  must  suit  the  fuel  used. •  The  richer  the  gas  the  " 
lower  the  ignition  temperature,  and  therefore  the  lower .  ■ 
the  so.fe  compression  ratio.  Exceptions. 

Compression  ratios  of  from  4  to  5  :  1  are  common. 
Other  causes  of  premature  ignition  are: 
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1*  Presence  cf  unco died  parts  of  the  engine, 
ex*haust  valves,  etc, 

2\  Presence  cf  coating'  of  carbon. 

3.  Presence  cf  detached  particles  of  carbon, 
igniter  electrodes,  etc.  insulated  from 

■  ’  water  jacket, 

4.  Detonation,  occurring  when  working  fluid  is 
compressed  beyond  certain  point. 

If  detonation  can  be  prevented  higher  compression-  ratios 
can  be  used.  Important  that  -contents  cf  cylinder  at 
beginning  cf  compression  stroke  be  at  lowest  possible 
temperature. 

Lower  compression  r atios  are  employed  than  would  appear 
necessary. 

Power  and  Cylinder  Capacity,  The  power  obtained  from  a  given 
size  cf  cylinder  depends  on  the  weight  of  air  that  can 
be  passed  through  the-  engine,  and  on  the  efficiency  with 
which  it  can  be  burned;  sufficient  fuel  can  always  be 
admitted  to  combine  with  it.  To  be  capable  of  dealing 
with  the  maximum  weight  of  air,- 

•  ••  '  1’,  The  piston  speed  must  be  as  high  as  possible* 

.  .  2 .  The  valves  and  passages  must  offer  minimum 
obstruction  to  flow. 

3.  The  incoming  charge  must  be  at  as  low  a 
temperature  as  possible. 

Volumetric  efficiency  must  be  as -high  as  possible.-  Con¬ 
ditions  also  for  high  efficiency.  To  obtain  highest 
possible  powers  high  temperatures  are  employed  which  are 
not  compatible  with  high  thermal  efficiency.  Volumetric 
eff ic ieney  depends  largely  on  the  valves,-  their  size, 
position,  and  time  of  opening  and  closing-,  also  design 
of  passages  leading  to  and  from  them.  Advantage  should 
be  taken  of  inertia  of  the  gases;  high  velocity  cf  entry 
maintains  them  in  state  of  turbulence. 

Low  temperature  of  charge  can  be  met  only  by  re¬ 
ducing  the  proportion  of  residual  exhaust  gases  to  a 

Accomplished  by,- 
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1.  Perfectly  f ree  outlet,  proper  timing  of 
exhaust  valve,  taking  advantage  of  inertia 
of  gases  in  exhaust  pipes, 

2.  Employing  some  method  of  scavenging. 

Mechanical  Efficiency.  Ratio  "between  indicated  power  and  brake 
or  available  power  at  the  crank  shaft  is  the  mechanical 
efficiency;  ranges  between  80%  and  90%,  Indicated 
thermal  efficiency  is  generally  within  10%  to  20%  of 
theoretical  .  •  • 

To  obtain  highest  possible  mechanical  efficiency: 

1.  Ratio  of  maximum  to  mean  pressure  must 
be  as  low  as  possible, 

2.  Piston  speed  and  rotative  speed  must  not 
be  high. 

3.  Weight  of  reciprocating  parts  must  be  a 
minimum.- 

4.  Mean  effective  pressure  must  be  as  high 
as  possible. 

5.  Moving  parts  must  be  in  perfect  static 
and  dynamic  badance. 

1.  Influence  of  Maximum  and  Mean  Pressure  Ratios.  Should  be 

lev/  because  the  parts  of  the  engine  have  to  be  strong 
enough  to  withstand  the  maximum  pressures.  If  ratio 
is  high,  the  v/eight,  inertia  and  friction  of  moving 
parts  is  excessive.  Compatible  with  thermodynamic 
condition,  but  not  with  high  compression  ratio. 

2.  Revolutions  and  Stroke.  Piston  speed  and  rotative  speed 

should  be  lev/;  the  g  reater  part  of  friction  is  due  to 
inertia  of  reciprocating  parts,  which  increases  as 
piston  speed  and  as  the  square  of  rotative  speed.  Nec¬ 
essary  to  employ  high  piston  speed  to  obtain  reasonable 
power  and  to  reduce  heat  losses  to  a  minimum.  The  two 
conditions  are  conflicting;  compromises.  Desirable  to 
increase  piston  speed  without  increasing  rotative 
speed,  -  long  stroke. 

3.  Weight  of  Reciprocating  Parts.  Priction  due  to  inertia, - 

may  be  as  much  as  70%  of  total  mechanical  friction-. 

4.  Mean  Effective  Pressure.  Must  be  as-  high  as  possible. 
Illustrations. 

Balance.  A  difficulty  with  most  engines.  Power  dissipated 
in  vibration. 
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Manufacturing  Cost.  To  "be  a  practical  success,  cost  per 
horsepower  must  not  be  too  high* 

Conditions  for  Low  Cost  of  Production. 

1.  Mean  effective  pressure  as  high  as  possible, 

2;  Maximum  pressures  as  low  as  possible. 

3*  Stroke  should  be  short.  *  ' 

4;  Piston  speed  as  high  as  possible. 

5.  Valve  gear  simple , ‘ simple  form  of  operating. 

6.  No  intricate  parts.  Degree  of  accuracy  that 
-  is  ordinarily  attainable. 

1.  The  higher  the  mean  pressure  the  greater  the  power  for  a 

given  size  of  engine.  Condition  for  good  mechanical 
efficiency,  but  not  for  best  thermal  efficiency. 

2.  The  lower  the  maximum  pressure,  the  lighter  and  cheaper 

the  engine i  Condition  for  good  thermal  and  mechanical 
efficiency.  ... 

3-  Cost  depends  largely  on  length  of  stroke.  Increase  in 

stroke  necessitates  increase  in  many  parts  of  the- engine, 
hong  stroke  engine  more  bulky  and  heavy.  Short  stroke 
not  compatible  with  high  thermal  or  mechanical 
•  •  efficiency;  compromise.-  •  • 

4.  Power  varies  as  the  piston  speed.  Increa.se  in  piston 

speed  increases  power  without  increasing  cost.-  High 
piston  speed  combined  with  short  stroke  the  worst 
condition  for  mechanical  efficiency.  Conflicting 
•  •  conditions;  compromise. 

5.  Prom  thermodynamic -point  combustion  chamber  should  be 

hemispherical,  no  recesses.  Inclined  valves  expensive; 
other  arrangements  simple  and  inexpensive. 

6.  Pree  from  intricate  parts.  •  Standard-  of  workmanship  and 

accuracy  has  improved.  Standardization. 
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Resume 


•^arge  compression  ratios  have  been  attempted  to  obtain 
highest  power  for  given  cylinder  size.  Increase  of  compression 
pressure  beyond  certain  amount  gives  loss  of  power. 

Higher  compressions  should  be  usable  in  high-speed  engine 
than  in  low- speed  one.  Hot  always  so  in  practice*  Compression 
pressure  tends  to  fall  with'an  increase  of  engine  speed  in  cense-  • 
cuence  of  increase  of  suction  at  the  moment  the  inlet  valve  closes. 


Compression* 
lbs.  per  sq. 
in . 
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Several  causes  for  loss  of  power  at  high  compressions. 
Loss  of  heat  through  cylinder  walls  is  larger;  shape  of  combustion 
chamber  lesw  suitable.  Explosion  prevented  from  developing  its 
full  pressure. 

Practical  objections  to  very  high  compressions.  Effect  • 
of  leakage  more  important;  friction  and  wear  and  tear  intensified. 
Inequality  of  turning  moment. 

To  make  an  engine  as  small  as  possible  for  its  horse¬ 
power,  a  rather  high  compression  would  be  used;  if  more  important 
to  make  engine  run  smoothly  and  quietly  a  lower  compression  would 
be  employed.  Loss  of  power  by  moderating  the  compression  is  not 
as  great  as  might  be  supposed,  provided  powerful  ignition  is 
installed.  • 

Usual  compression  ratios  are  from  4.5  for  hydroplanes- 
to  5.6  for  high-altitude  land  machines.  Values  of  6  or  higher1  may 
be  used  for  high-altitude  work,  but  preignition  will  develop  at 
full  throttle  near  the  ground, 

Working  fluid  is  not  pure  dry  air,-  specific  heat  is  not 
constant,  increase  considerably  at  very  high  temperatures. 
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J"t.  lbs. per  cu.ft 


Diagram  showing • to tal  amount  of  energy  in  working  fluid  at 
various  temperatures.  Recent  research- suggests • that  these 
values  are  too  high;  generally  accepted,  however,  a-t  present  time 
If  mixture  ignites  slowly,  resulting  flame  takes  compara¬ 
tively  long  time  to -spread  through  the  mixture.  When  mixture  is 
completely  inflamed,  explosion  takes  place  and  maximum  pressure 
is  attained;  time  of  complete  inflam  at  ion  is  also  that  of 
maximum  pressure.  Time  of  complete  combustion  follows  that  of 
explosion  and  maximum  pressure. 

When  a  wave  of  compression  is  set-up,  detonation  is  caused. 
The  combustion  will  spread  just  as  rapidly  as  the  compression 
w$,ve  travels  through  the  mixture.  -  Speed  is  very  considerable  as 
compared  with  that  of  inflamaticn.  .... 

Two  modes  of  combustion  approached  under  certain  conditions. 
Hormal  combustion  is  neither  the  one  nor  the  other, 

Kxperiments  on  rates  of  flame  propagation  in  various  mix¬ 
tures  under  different  degrees  of  compression  have  established 
the  following  facts:  ■■■'"■ 

The  rate  of  flame  propagation  ih  explosive  mixtures: 

(1)  is  diminished  as  the  proportion  of  inert  ..gas 

present  is  increased; 

(2)  is  dependent  on  the  proportion  cf  the  active 

constituents ; 

(3)  is  diminished  as  the  rarefaction  of  the  mixture 

increases; 

(4)  is  increased  as  the  temperature  of  the  mixture 

is  raised; 

(5)  is  much  greater  when  the  mixture  is  ignited  at 

constant  volume  than  when  ignited  at  constant 

pressure. 
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As  extremes  of  the  proportions  of  mixture  for  possible 
explosions  are  approached,  namely  22  to  1  and  8  to  1,  the  weakened 
effects  of  explosion  are  due  to  different  causes. 

Effect  of  increased  temperature  is  to  widen  the  range  of 
dilution;  Effect  of  increasing  the  compression  pressure  is  to 
increase  the  rate  of  flame  propagation. 

Experiments  of  Dr,  Neumann  shew  that  the  velocity  of  flame 
travel  is  a  maximum  for  a  proportion  of  gasoline  vapor  and  air 
of  1  to  12.  The  proportion  for  complete  combustion  is  approxi¬ 
mately  1  to  15;  so,  the  maximum  flame  velocity  occurs  when  the 
gasoline  vapor  is  slightly  in  excess, 

•The  f-lame  velocity  is  much  greater  when  the  mixture  is  ex¬ 
ploded  under  conditions  of  constant  volume  than  when  under 
constant  pressure;-  Ignition  at  constant  volume  can  only  occur 
at  the  deadi-center  position,  so  that  for  maximum  flame  velocity 
it-  is  important  to  ignite  as  near  the  dead  center  as  possible,  at 
tfte  same  time  bearing  in  mind  the  necessary  time  interval  elapsing 
between  the  point  of  ignition  and  the  attainment  of  maximum 

pressure,  .  ...... 

•  The  larger  the  capacity  of  the  combustion  space,  the  longer 
the  period  elapsing  between  ignition  of  the  charge  at  the  attain¬ 
ment  of  maximum  pressure.  Also,  the  larger  the  explosion 

space,  the-  slower  is  the  rate  of  cooling-. . 

The  rapidity  of  the  rise  in  pressure  from  the  time  of  ignition 
is  a  measure  -of  the  explcsibil ity  of  the  mixture  and  the  interval 
elapsing  between  the  time  of  ignition  and  attainment  of  maximum 
pressure  is  termed  nttime  of  explosion’”. 

The  time  of  explosion  for  the  same  mixture  can  be  considerably 
increased  by  igniting  an  appreciable  mass  of  the  charge  at  once. 

The  chape  of  the  explosion  chamber  has  a  direct  influence  on 
the  explosion  period.  The  maximum  pressure  is  net  increased  b£ 
rapid  ignition* 

Increasing  the  density  of  the  mixture  results  in  -an  almost 
proportional  increase  in  the  maximum  explosion  pressure.  Also* 
if  the  density  is  increased,  the  rale  of  coding  is  diminished. 

There  is  a  large  variation  in  t emperature  at  different  points 
within  thd  explosion  space. 
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Measurements  from  indicator  diagrams  show  that  the -rate  cf 
flame  propagation  varies  from  3$  to  ICO  feet  per  second. 

At  high  speeds  the  explosion  interval,  the  interval  between 
the  moment  of  the  spark  occurring  and  the  attainment  of  maximum 
pressure,  is  about  -  —  of  a  second;  while  the  complete  combustion 

period  is  about  ---  of  a  second.  Here,  turbulence  is • important ; 

1 50 

for  it  greatly  increases  the  rate  cf  flame  propagation. 

The  volume  of  the  products  of  combustion  is  not  the  same  as 
the  volume  of  the  original  explosive  mixture.  The  final  volume 
will  be  greater.  For  weak  mixtures  the  increase  in  volume  is 
about  5%.  Thile  for  a  perfect  mixture  the  increase  in  volume  is 
between  5%  and  6 %.  For  rich  mixtures  the  increase  in  volume  may 
reach  15%.  ... 

Composition  of  Exhaust  Gases.  Predictions  are  borne-out 
in  practice;  the  exhaust  consists  of  carbon  dioxide  and  oxygen  for 
weak  mixtures,  and  cf  carbon  dioxide  and  carbon  monoxide  for  rich 
mixtures. 

Results  of  a  large  number  cf  tests  and  analyses  of  exhaust 
gases  in  a  four-cylinder  engine  by  Dr.  Matson. 
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Note  that  the  percentage  of  oxygen  present  becomes  greater 
as  the  mixture  gets  weaker,  that  as  the  mixture  becomes  succeed- 
: ngly  richer  the  percentage  of  carbon  monoxide  becomes  greater; 
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and  that  for  weak  mixtures  no  carbon  monoxide  is  present,  while 
for  richer  mixtures  no  oxygen  is  present.  'That  both  CO  and  02 
do  not  occur  together  has  been  established. 

Occasionally  the  ratio  of  the  proportions  of  air  and  gasoline 
in  the  mixture  have  to  be  determined  from  such  an  analysis;  an-d 
frequently  this  method  is  the  o  nly  one  used  for  finding  mixture 
strengths . 

The  mixture  which- gives  the  nearest  resemblance  to  perfect 
combustion  is  about  14.75  parts  of  air  to  1  part  of  grscline. 

The  whole  of  the  calorific  heat  of  the  fuel  is,  not  liberated 
during  the  explosion  process.  As  the  mixture  becomes  richer, 
the  percentage  of  the  heat  of  the  fuel  liberated  becomes  smaller. 

The  actual  temperatures  and  pressures  obtained  in  explosion  • 
engines,  are  very  much  lower  than  the  theoretical  ones  calculated. 
The  explosion  .temperatures  are  often  found  to  be  only  about  one-half 
of  the  theoretical,  and  the  pressures  only  about  50%  or  60%  of  the 
pressures  that  ought  to  be  attained.  Also,  only  about  one  half 
of  the  heat  energy  of  the  fuel  is  apparently  developed  in  the 
explcs ion. 

.  Several  theories  advanced  in  explanation  of  the  apparent  loss. 
If  one  account  for  the  entire  discrepancy,  but  each  gives  explanation 
for  some  of  the  apparent  less. 

Dissociation  of  the  gases  appears  to-  consist- of  a  suppression 
cf  heat  at  the  maximum  temperature  of  explosion,  and  an  evolution 
of  heat  during  the  expansion  stroke.  it  plays  an  important  part 
in  combustion,  and  temperatures  are  thereby  limited.  Dissociation 
is  only  one  cf  the  contributing  causes. 

Cylinder  wall  action,  a  partial  explanation  cf  hdat  suppression 
The  charge  loses  heat  tc  the  walls  both  by  radiation  and  by  con¬ 
duction,- 

Three • important  factors  concerned  in  wall  action,-  Radiation 
Conduction,  and  Turbulence. 

ia  t  i  c n  is  al  mo  s  t  cf  s ame  i mp c r  t a nc e  as  con du  c  1 1  c n  •  ^^e  a  t 
flow  and  temperatures  thereby  involved  are  of  greett  importance  to 
the  designer,  in  connection  with  temperature  stresoeo  and  oio  ^cr— 
t  ions  ,  all  c  wan  ce  for  effects  of  t  empe  rexture  changes,  uensi  ty ,  cc>*i_ 
position  cf  the  mixture  and  other  factors. 


, ; 


«  - 


. 


. 


...  .  ■ 


. 


•  .  •  i: 

. 

. 


•  i  *  •  j  * 

,  .  '  '  .  o  .  •  rr<  •  :  a  $  ,  '  I A 


-J3- 


The  heat  less  by  radiation  from  the  exploding  and  expanding 
gao es  to  whe  cylinder  walls  depends  on,-  the  mean  temperature 
c.nd  density  of  the  gases,  the  area  and  shape  of  the  cylinder  walls 
and  the  state  of  their  surface.  Probable  that  heat  loss  is  propor¬ 
tional  to  the  surface  area,  and  is  independent  of  time  or  engine 
speed;  also,  that  part  of  radiation  loss  during  combustion  is  pro¬ 
portional  to  the  volume  and  not  the  surface.  Radiation  from  hot 
gases  is  rendered  more  complex  because  gas  is  t ransparent  to  its 
own  radiation  to  an  appreciable  extent,-  radiation  dependent  on 
thickness  of  its  mass. 

Effect  of  enrichment  of  the  mixture  is  to  increase  amount  of 
heat  radiated, 

Effect  of  pressure  or  radiation  cannot  be  exactly  s tated, ^ 
radiation  varies  about  as  the  density  raised  to  the  0.9  powers.  As 
density  of  charge  is  a  maximum  near- end  of  compression  stroke, 
radiation  will  here  be  the  greatest. 

Quantity  cf  heat  lest  to  walls  depends  -also  on  state  of  their 
surface,  -  whether  polished  or  coated  with  heat  absorbent.  Results 
cf  experiments  sho w  that  heat  efficiency  and  mean  effective  pres¬ 
sure  will  be  appreciably  greater  with  a  polished  combustion  chamber 
than  with  a  carbcn-ccated  surface. 

Should  -be  recognized  that  it  dees  net  seem  possible  to  deter¬ 
mine  the  effect  of  the  various  factors  with  sufficient  accuracy 
to  enable  any  quantitative  inference  to  be  drawn  as  to  mediation 
from  flame  experiments  in  the  case  of  explosion  engines. 

Effect  of  Turbulence  on  rate  cf  ignition  and  heat  flow.  High  velocity 
of -gases  produces  eddying  effects,  and  this  eddying  motion  persists 
throughout  compression  and  still  exists  when  ignition  takes  place. 
Illustration  and  discussion. 

Suction  turbulence  cf  vital  importance  in- producing  high  r ates 
of  flame  travel  necessary  in  explosion  engines, 

Hot  only  is  maximum  pressure  increased  by  turbulence,  but  the 
period  of  time  cf  attainment  is  reduced.  Actual  ignition  veloci¬ 
ties  and  pressures  attained  in  gasoline  engines  are  only  possible 
as  a  result  cf  turbulence. 

Resign  of  combustion  chamber  and  valve  passages  have  importers 
bearing  on  rates  cf  ignition  corresponding  with  different  modes 
and  degrees  of  turbulence  effect. 

Experiments  on  sleeve-type  and  T-head  motors,  -  more  rapid 
rate  of  ignition,  and  maximum  pressure  attained  sooner  with  engine; 
from  valve  pockets  and  with  central  ignition. 
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Valve  Timing 


Correct  timing  of  valves  of  great  importance,  since  valve 
action  influences  to  marked  degree  the  performance  of  the  engine. 


Too  early  or" toe  late  opening  or  closing  of  either  the  inlet -or 


exhaust  valve  effects  the  H*.P.  output  and -thermal  efficiency. 
Timing  depends  on  several  conditions,  and  general  design 


of  the  engine.  Diagram  of  fairly 
average  valve  timing  for  high  speed 
motor . 


Inlet  Valve.  When  piston  has  reached  end 
of  suction  sttoke,  pressure  in  cylinder 
is  still  helow  atmospheric,  so  inward 
flow  will  continue  after  piston  has  ad¬ 
vanced  upward.  Therefore,  inlet  valve 
is  closed  late,-  35®  -  50°.  Inlet 
valve  should  remain  open  as  long  as  gas 


will  flew  into  the  cylinder,  in  order  to  obtain  full  charge.  Time 
of  inlet  valve  closing  depends  on  maximum  speed  of  engine,  number 
of  cylinders,  size  and  location  of  valves. 

Time  of  opening  may  be  from  0°  to  15°  late. 

Desirable  features  to  be  gained  by  the  inlet  valves. 

1.  To  induce  the  maximum  possible  weight  of 
charge  into  the  cjrlinder. 

2.  To  expend  the  least  possible  energy  in  the 
process . 

3.  To  produce  the  maximum  of  turbulence  during 
the  period  of  entry. 

i 

Volumetric  efficiency  and  power-output  depend  largely  on 
inlet  valve  timing.  Negative  work  during  suction  stroke  must  net 
be  unnecessarily  high.  Consideration  must  be  given  to  how  many 
cylinders  are  drawing  supply  from  one  source  and  how  far -maximum 
power  should  be  subordinated  to  economy  at  reduced  loads. 

Charge  induced  into  cylinder  by  suction  action  of  piston; 
useless  to  open  valve  before  dead-center,  it  should  remain  open 
after  passing  dead-center  to  give  mixture  opportunity  to  fill 
the  cylinder,  x  - 


i 
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Time  of  opening  and 


cl  os ing -varies  with  designed  speed  of 
engine. 

Diagram  for  very  high  speed  engine. 

In  some  engines,  inlet  valve  opens 
at  very  small  angles  and -in  a  few 
cases  before  dead  center. 

Time  of  opening  of  inlet  valve  bears 
relation  to  time  of  closing  exhaust 
valve.  Practice  differs. 

Inl-et  valve  should  not  be  opened 
until  pressure -in  cylinder  has  fallen 
to  atmospheric. 


Elf  ec 


t  of  late  opening  is  shown  in  diagram.  Suction  in¬ 
creases  rapidly  until  time  of 
valve  opening,  0. 

Time  of  closing  the  inlet 
valve  the  most  important  factor; 
has  marked  effect  on  maximum 
power  and  maximum  attainable  speed. 

If  closed  too  early,  suction 
increases  rapidly- from  time  of  ^ 

closing,  line  C  H. 

Shaded . portions  represent  *  q  H 

rower  expended -in  unnecessary  suction  . 

Real  harm  done,  incomplete  charge. 

Xf  closed  too -late  part  of  charge  will  be  thrown  back  into 

man  if  c 1 d ,  line  B  C .  C ,  r - me  o i 
closing,  Line  K  C  shows  effect 
of  still  later  closing  at  K. 

Important  to  close  inlet 
valve  at  just  the  right  moment, 
otherwise  loss  occurs. 

In  general,  the  higher  the  designed  engine  speed  the  later 
the  time  of  closing  the  inlet  valve  and  the  earlier  the  opening; 
also,  the  later  the  closing  of  exhaust  valve. 
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If  valve  timing  is  one  for  giving  maximum  power  at  high 

speeds,  the  engine  will  net  run  as  well  or  he  as  -flexible  at 

low  speeds,  -  due  to  difference  of  inertia  of  gases. 

/ 

Result’s-  of  tests  on  four  cylinder  engine  with  seven  different 
inlet-valve  closings. 


,<•  *  * 

Maximum  horsepower  was -for  valve  closing  60°  late.  -  The 

higher  the  speed,  the  later  the  inlet  valve  should  close.  Effect 
cn  thermal  efficiency  similar  to  that  on  horsepower..' 

Fuel  consumption  on  same  tests  show  the  most  eponomical 
time  for  closing  the  inlet  valve  was  60°  late. 

.  ..  Test  not  carried  te  a  high  speed..  -  Although  60°' late  timing 
was  best  for  the  higher  speeds,  it  was  not  the  best  for  lower 
speeds.  Compromise  would  be  made  if  a  flexible  engine  is  desired. 
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Results  of  tests  on  a  modern  high  speed  gasoline  engine  for 
three  different  inlet  valve  closings,  support  the  previous  genera 
conclusions;  but  it  should  be  noticed  that  up  2100  r.p,m, 

(  a  much  higher  speed  than  the  previous  series)  the  30°  -  35°  tim 
ing  seems  the  best. 

I.xhaust  Valve.  Pressure  in  cylinder  during  exhaust  stroke  should 
be  as  near  atmospheric  as  possible;  necessary  to  open  exhaust 
valve  in  advance  of  lower  dead  center  to  give  burned  gas  free 
opening  for  escape  when  piston  starts  on  the  exhaust  stroke. 

Number  of  degrees  of  angle  depends  on,  -  ratio  of  area  of 
valve  opening  to  cylinder  displacement,  speed  of  engine,  design 
of  exhaust  manifold,  character  of  exhaust  cam. 

Although  some  force  of  expansion  is  wasted  by  the  early 
opening,  the  loss  is  more  than  compensated-f or  by  freedom  of  exit 
Too  early  an  opening  would  give  uncompensated  loss.  Time  of 
opening  is  usually  about  45°  early. 
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If  exhaust  valve  closes  at' end -of  exhaust  stroke  where 
pressure  is  still  above  atmospheric,  it  will  entrap  in  the 
clearance  space  unwarranted  amount  of  waste  gases  which  will 
vitiate  the  new  charge  unduly.  Gas -will-  flow-out  after  dead 
center  is  passed,  due  to  its  inertia.  The  valve  should  not- be 
closed  while  there  is  still  chance  of  burned  gases  escaping. 

The  angle  of  closing  is  usually  from  5°  to  15°  late. 

In  any  case,  the  back  pressure  should  be  kept  as  lew  as 

possible.  -  . 

The  problem  is  that  of  getting  rid  of  the  exhaust  gases 
with  the  least  possible  back  pressure  and  the  least  distress 
to  the  valve  gear* 

Two  factors  must  be  taken  into  account.  The  val  ve  must  be 
opened  sufficiently  early  to  permit  the-  exhaust ■  pressure  falling 
to  atmospheric  before  the  exhaust  stroke  begins;  it  must  be  held 
open  sufficiently  late  to  permit  the  residual  exhaust  gas  escap¬ 
ing.  No  exact  figures  can  be  given  because  of  many-  variable 
factors,  such  as  mean  gas  velocity  through  valve  opening,  and 
rate  of  acceleration  of  the  valve*  ' 

Ricardo’s  opinion  for  best  setting  of  the  exhaust  valve. - 
It  should  already  have  traveled  through  50^-of  -its  total  lift 
when  the  piston  is  at  the  lower  dead  center,  -and  should  still  be 
5%  open  when  the  piston  is  at  the  top  dead  center.  The  actual 
points  at  which  the  valve  leaves  its  seat  and  returns  to  its 
seat  are  of  less  significance. 

The  exhaust  valve  should  be  so  timed  that  the  loss  result¬ 
ing  from  ar^parly  opening,  plus  the  less  arising  from  the  back 
pressure  will  -be  a  minimum. 

If  valve  is  opened  too  early,  the  end  of  expansion  curve  will 
fall  to  atmospheric  before  end  of  stroke;  when  valve  opens 
at  wr”,  ^he  shaded  area  represents 
the  power  lost.  If  valve  is 
opened  too  late  there  will  be 
a  loss  due  to  rise  of  back  pressure;  when  valve  opens  a.t  nlM ,  the 

shaded  area  represents  the  power 
lest* 

exhaust  valve.  If  it  is  closed  too  early, 
an  excess  of  burned  gas  will  remain  in  the  cylinder.  If  it  is 


Time 


c los ing 


' 
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kept  open  too  long;  burned  gases  will  re-enter  the  cylinder 
with  the  fresh  charge.  As  the  exhaust  line  is  always  above 
the  atmospheric  pressure,  there  is  never  danger  of  gases  being 
sucked-back  into  the  cylinder  during  the  exhaust  stroke,  nor 
until  the  piston  on- its  suction  stroke 
passes  the  point,  0,  where  the  pres¬ 
sure  is  equal  to  atmospheric. 

Tifhen  the  exhaust  valve  is  opened,  the  pressure  in  the 
cylinder  is  considerable;  burned  gas  will-  escape  at  high  velocity, 
If  the  valve  is  kept  open  at  end  of  stroke,  the  inertia  of  this 
gas-  as  it  passes  into  the  exhaust  pipe  will  draw  after-  it  some 
of  the.  burned  gas.  This  method  of  scavenging  often  realized 

by  closing  exhaust  valve  late* 

.  / 

Inertia  of  exhaust  -  gases  sometimes  used  to  assist  the  in¬ 
duction  of  fresh  charge;  inlet  valve  is  opened  before  exhaust 
valve  closes.  -  •  • 

•  i 

Valves  should  be  timed-  for  best  working  of  engine  at  speed 
at  which  it  is  mostly  intended  to  run.  .Various  timings,  based 
on  previous  results  are  tried,  in  brder  to  find  timing  that  gives 
best  results . 

I'uel  Economy.  If  better  fuel  economy  -is  desired  at  sacrifice  of 
maximum  horsepower,  the  period  of  opening  of  inlet  valve-  would 
be  extended.  Opened  considerably  earlier  to  reduce  pumping  less; 
and  closed  little  later  to  give  longer  time  for  filling  the 
cylinder. 

Throttl ing.  •  Aim  is-  not  to  obtain  full  charge,  but  to  maintain 
turbulence  _._an.d  reduce  pumping  losses  as  far  qs  pos  sible* 

To  main  '/turbulence  we  can  rely  only  on  the  use  of  smallest 
possible  -val  ves,  on  keeping  the  orifice  coefficient  as  high  as 
possible,  and  an  unobstructed  entry  to  the  cylinder  after  -passing 
the  valve .-  •  •  - 


Another  point  of  importance  is  position  of  throttle. 

If  throttle  is  close  to-  valve  port  there  is  small  capacity 
between  it  and  valve;  so,  during  idle  strokes,  capacity  will 
fill-up  to  atmospheric.  In  this  case  inlet  valve  should  be 
opened  early.  See  line  "Zn  in  diagram. 
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If  there  is  consider¬ 
able  capacity  between  eh  -  ■ 
throttle  and  valve,  at  be¬ 
ginning  of  suction  stroke, 
pressure  in  cylinder  will 
be  atmospheric  while  that 
in  port  will  be -below 
atmospheric;  sc,  when  in¬ 
let  valve  is  opened  pressure  in  cylinder  will  be  reduced,  and  - 
there  will  be  unnecessary  negative  work,  as  shown  by  line  wyM . 

In  this  case  it  would  £?e  preferable  not  to  open  the  inlet  valve 
until  gas  in -cylinder  has  expanded  to  pressure  corresponding  to 
that  in  port,  -  shewn  by  line  wxw . 

Not  practicable  to  obtain  a  valve  timing  which  will  he  ideal 
for  all  conditions  of  load.  The  best  that  can  be  done  is  to 
arrange  a  timing  to  suit  the -load  at  which  the  engine {will  run 
for  the  majority  of  the  time.  j 

Uultiple  Cylinder  Engines.  When  several  cylinders  draw  their  supply 
of  mixture  from  a  single  source,  the  timing  of  inlet  valve  is 
much  mere  difficult.  Valve  timing  and  d is tribut ion • c&nnct  be 
treated  separately;  they  are  closely  interdependent.  Together, 
form ' in tensely  complex  problem,  probably  least  understood  of  all 
problems  connected  with  the  modern  internal  combustion  engine. 
Effect  of  Valve  Timing  on  Efficiency.  For  same  compression  ratio, 
timing  of  valves  has  noticeable  effect  on  thermal  efficiency. 

Approximate  correction  for  effect  of  delayed  inlet-valve 
closing  on  air-standard  efficiency. 

n-1 


where  <*L  is  the  delayed  angles. 

Formula  is  suitable  only  when  \^is  small. 

Heat  loss  due  to  toe  early  opening  of  exhaust  valve ;• varies 
from.  3%  to  6%  of  total  heat  of  fuel  in  high  speed  engines.  Can- 
.  net  be  much  reduced  wl  theut  effecting  scavenging  and  volumetric 
efficiency.  •  • 

Adjustments  and  Tappet  Clearance.  Valve  adjustments  should  be  made 
when  engine  is  hot.  Valve  clearance  should  be  as  small  as 
possible  consistant  with  assurance  of  valves  seating.  Too  large 
a  clearance  produces  noise  and  possibility  of  breakage  of  valve- 
gear  parts  „ 
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T  no  r  mo  dynami  c  s 

From  the  ther  mo  dynamic  point  of  view,  the  fundamental  pro¬ 
perties  which  define  the  physical  state  of  a  gas  are  its  pressure 
temperature  and  volume;  with  a  Knowledge  of  these  three  factors, 
the  other  properties  can  he  deduced. 

with  gases  which  deviate  from  the  ideal  state  as  expressed 
by- Boyle's  and  Charl&$*E  law,  the  specific  heats  are  not  constant. 
Their  ratio  .  "n"  diminishes  as  temperatures  are  raised. 

Variation  of  "n”  with  Temperature. 


j  ! 

- - 

100° C  1 

600°  C  i 

1100° C 

i  Air 

i _ _  _ 

1.404  j 

1-38  1 

1-345 

I  Steam 

1-30  ( 

1.29  I 

1.24 

!  c°2 

1.26  i 

1.20  i 

1.18 

Most  recent  experiments  are  not  in  exact  accordance  with 
these  values. 

Effect  of  variability  of  specific  heats  on  the  adiabatic 

curve  is  to  maKe  it  less  steep 
than  when  pv*1  =  constant  is  fol¬ 
lowed  . 

An  empirical  method  for  obtain 
ing  the  adiabatic  lines  in  case  of 
variable  specific  heats  consists 
of  splitting-up  the  volume  line 
into  a  number  of  ordianates,  and 
finding  values  of  “n11  for  these  corresponding  temperature  ranges, 
with  this  method  several  trials  would  have  to  be  made  before  the 
correct  value  of  un“  could  be  found. 

Curve  for  total  energy  in  the  mixture  at  different  tempera¬ 
tures  is  useful  in  malting  calculations  of  temperature  and  pres¬ 
sure,  and  is  a  fairly  simple  means  of  talcing  account  of  variation 
of  specific  heats  with  temperatures. 

Total  heat  of  a  gas  is  represented  by  sum  of  its  internal 
energy  and  worlc  done  in  expansion;  also,  total  heat  is  indepen¬ 
dent  of  form  of  path  from  one  state  to  the  other. 


Variable 
specific  heat 


Constant ..  ^ 
specific  heat 
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Experiments  conclusively  prove  that  no  gas  obeys  either 
Boyle’s  or  Charleses  law  exactly. 

In  calc  ulations  on  the  internal  combustion  engines, 
we  have  to  deal  with  mixtures  o£  gases  instead  of  a  single  gas; 
and  it  is  necessary  to  Know  the  value  of  the  gas  constant,  R, 
m  equation  PV  =  RT,  in  such,  cases. 

For  mixture  of  two  gases, 

M*i  Rh  +  MnRo 

R  =  —  - - 

+  M2 


where  Mj_  and  M2  are  the  masses  of  the  gases  at  same  volume. 
For  a  mixture  of  several  gases 


t  ^ 


Specific  heats  of  gaseous  mixtures  are  easily  found  when 
the  percentage  composition  of  the  mixture  and  the  specific  heats 
of  the  constituents  are  Known 


where  w 


is 


t^Gp 
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the  weight 
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of  the  constituent  gases. 
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Problem 


Airplane  Engine,-  3"  x  6-1/2" 

Connecting  Rod  length  =  ll-l/2u  % 

Clearance  =  23  c/o. 

Compression  Ratio  =  3*33* 

Rev.  per  min.  for  maximum  hralce  horse-power  =  2000. 

Take  atmospheric  pressure  as  14.3  pounds,  and  temperature 
of  atmosphere  as  50°  p. 

Calculate  the  pressure  and  temperature  at  the  give  impor¬ 
tant  points  of  the  cycle,  and  draw  the  ideal  indicator  diagram. 
Pind  the  ideal  efficiency. 

Produce  a  prohahle  actual  indicator  -diagram  for  the  en¬ 
gine,  finding  pressures  and  temperatures  at  the  five  important 
points  of  the  cycle.  what  is  the  actual  efficiency?  Pind 
the  mean  effective  pressure  and  the  indicated  horse-power. 
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Conditions  in  Engine  Cylinder 

Important  to  lcnow  pressures  and  temperatures  existing 
in  engine  cylinder.  Difficult  to  find  probable  pres¬ 
sures  and  temperatures  at  different  parts  of  cycle;  calcu¬ 
lation  involves  Knowledge  of  variation  in  specific  heats  of 
the  gases,  nature  and  amount  of  cooling  losses,  volumetric 
efficiency  and  other  indeterminate  factors. 

After  obtaining  an  ideal  indicator  diagram  for  purpose 
of  comparison  of  performance  of  an  engine,  a  probable  dia¬ 
gram  for  the  given  engine  shpuld  be  produced. 

Modified  Ideal  Diagram.  Correction  for  effect  of  varying 
specific  heats;  must  find  value  of  "n",  (PVn  =  constant), 
for  the  expansion  curve.  Pressures  and  temperatures 
for  the  suction  and  compression  strokes  remain  unchanged. 

For  condition  at  end  of  explosion  proceed  as  follows: 
work  done  on  gas  during  compression  would  be 

Heat  energy  added  =  working  capacity  of  cylinder 

.  ,  heat 

(T3  -  Tg)  X  specif ic/at  constant  volume. 

Adding  this  heat  energy  to  assumed  heat  supply  during  com¬ 
bustion  gives  internal  energy  at  end  of  explosion.  Re¬ 
fer  to  curve  of  internal  energy  and  read-off  temperature 
corresponding,  and  calculate  pressure.  specific  heat 

varies  during  expansion  stroke.  Process  of  trial  and  er¬ 
ror  to  find  mean  value  of  “n”  that  satisfies  amount  of 
internal  energy.  with  this  value  of  v nu ,  expansion 
line  can  be  drawn  and  pressure  and  temperature  at  release 
calculated;  values  will  be  higher  than  ideal. 

Available  energy 

Efficiency  - - * 

Total  energy 

Available  energy  is  available  work  in  expansion  minus  work 
done  by  compression;  total  energy  is  energy  (assumed)  sup¬ 
plied  during  combustion. 

Efficiency  is  lower  than  that  under  assumption  of  constant 
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specific  heat.  It  is,  therefore,  the  efficiency  of  the 
ideal  engine  with  which  the  real  performance  of  actual  en¬ 
gine  should  he  compared;  for  it  represents  the  maximum  ef¬ 
ficiency  that  an  actual  engine  can  possibly  attain,  talcing 
into  account  the  properties  of  the  worlcing  gases* 

Other  Methods,  Account  talcen  of  cooling  effect  and  in¬ 
crease  of  volume  of  gases  after  combustion. 

The  problem  of  estimating  actual  temperatures  and  pressures 

i  s 

is  complicated,  as  actual  state  of  affairs  existing/only 
imperfectly  lcnown.  Knowledge  of  duration  of  period  of 
combustion,  nature  and  magnitude  of  wall  action,  radiation 
and  other  factors  is  necessary  before  exact  temperatures 
and  pressures  can  her  calculated. 


Actual  Diagram. 


Suction  Temperature  and  Effect  of  Residual  Exhaust  G-ases. 
To  estimate  more  exactly  the  temperature  of  suction,  it  is 
necessary  to  consider  amount  and  temperature  of  exhaust 
gases  in  cylinder  at  end  of  suction  strolce. 

Effect  is  to  increase  suction  temperature. 

Volume  of  fresh  charge  is 

(comp,  ratio  -  1)  v 
where  v  is  the  clearance  volume. 

If  density  and  specific  heats  remain  constant, 


(comp,  ratio  -  l)v  v  (comp,  ratio) v 


where  t  is  temperature  of  atmosphere  and 
temperature  of  exhaust  and  suction. 

(comp,  ratio)  t  Te 


(comp,  ratio  -  1)  Te  +  t 


Te  and  Ts 


Compression  Line.  Not  exactly  adiabatic.  Heat  energy 
does  not  remain  unaltered;  pressure  and  temperature  at  end 
of  compression  less  than  for  exact  adiabatic. 
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Value  or  11  n"  generally  between  1.2  and  1.4. 

1.33  not  unusual. 

Maximum  Pressure.  Rise  of  pressure  after  ignition  much 
less  than  predicted  under  assumption  that  all  heat  of  com¬ 
bustion  is  used-up  in  raising  temperature  and  pressure. 
Factors  contributing  to  pressure  suppression,-  dissociation, 
wall  action,  late  combustion,  increasing  specific  heat  of 
mixture;  explosion  not  instantaneous,  occupies  period  of 
timedependent  on  proportion  of  mixture,  time  of  ignition, 
speed  of  engine,  size  of  cylinder,  compression  pressure  and 
other  factors,-  heat  not  given  to  charge  at  strictly  con¬ 
stant  volume. 

Expansion  Line .  Combustion  continues  after  point  of  maxi¬ 
mum  pressure  is  attained;  addition  of  heat  to  expanding 
gases,  opposing  effect  of  absorption  of  heat  by  walls. 

Actual  line  differs  from  true  adiabatic. 

Value  of  unu  is  generally  between  1.13  and  1*33* 

with  we ah  mixtures,  expansion  line  does  not  follow  any 
definite  law. 

Exhaust  Line.  Exhaust  valve  is  opened  before  end  of 
expansion  stroke;  end  of  diagram  rounded-off.  Ex¬ 
haust  valve  held  open  long  period;  heat  rejection  not 
same  as  in  ideal  case. 
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Actual  Efficiency 


ed 


Ideal  diagram  obtained  under  assumption  that  are  not  realiz 
in  actual  engine* 

Air  standard  efficiency  depends  solely  on  compression  ratio 


Air  Standard*  Efficiency.  E  =  1 


1  1-n 

comp. ratio 


Compression 

Ratio 

Efficiency.  E 

Compression 

Ratio 

Efficiency  E 

3.25 

•  0.382 

4,75 

0,481 

3.50 

0*400 

5.00 

0,492 

3.75 

0,416 

5,  25 

0*501 

«• 

O 

o 

0,445 

5*50 

0*510 

4,25 

0.458 

5.75 

0.519 

4.50 

i 

0.470 

o 

o 

• 

0.548 

Fork  of  'Dr.  Fats  On  on  engine  of  working  capacity  of  0.025 
cu.ft.,  compression  ratio.,  4.7,  fuel  mixture  14.1  to  1,  heat 
supplied  1150  ft.  pounds. 


A.  Indicator ' diagram  for  ideal  engine  working  on 
air  cycle. 

•  -  ..  •  ■  • 

B.  Indicator  diagram  for  ideal  engine  working  on  variable 
specific  heats . 

i 

C.  Indicator  diagram  of  actual  gasoline  engine. 

%  ..... 


The  Table  accompanies  diagrams  A,  B,  C. 
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Pressnre 
pounds ' per 
sq.  in. 


Mixture ,14.1  to  1. 
Heat  supply 

1150  ft. lbs. 

r-  • 

i 

* 

Effi¬ 

ciency 

Max. '  ( 
Pres,  J 
lbs. -  ‘ 
sq. in. 

•  j 

U, 

Mean 
Press . 
lbs. - ' 
sq. in. 

Heat  con¬ 
verted  in-  , 
to  useful  | 
worlt  per 
cycle . ' 
ft. lbs. 

Heat 
re jecte 
per 
cycle 
ft.  lbs. 

I/l.  Ideal  engine, 

;  air  cycle 

1  *  ••  • 

.463 

'625 

■  ;  , 

153 .  ■ 

i 

,oi 

618 

B.  Ideal  engine, 
variable  speci¬ 
fic  heat  cycle 

♦  356 

448 

118 

410  : 

740 

C.  Actual  gasoline 
engine 

.  248 

290- . 

84  • 

285 

i 

j 

865 

»• 


1 


:  ■ 


. 

, 
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Other  tables  for  a  weaker  and  a  richer  mixture. 


(Mixture  17.4-1. 
Heat  Supply 
,962  ft. lbs. 

Effi¬ 

ciency 

Max .  ' 
Press . 
lbs . - ' 
sq. in. 

Mean 
Press . 
lbs .  - 
sq. ins . 

Heat  con¬ 
verted  in¬ 
to  useful 
work  per 
cycle 
ft.  lbs. 

j  Heait  j 

|  rejected 
per  cycle 
;  ft.  lbs. 

Ideal  engine 
air  cycle 

.463 

550 

128 

445 

517 

Ideal  engine 
variable  speci¬ 
fic  heat  cycle 

.367 

400 

102 

352 

610 

Actual  gasoline 
engine  — -  . 

.275 

207 

77 

26  5 

697 

Mixture ,10. 1-1 
Heat  Supply" 

1027  ft. lbs. 

•  *  *•  *.  * 

• 

* 

i 

Ideal  engine , 
air  cycle 

.463 

565 

137 

475 

552 

Ideal  engine, 
variable  speci¬ 
fic  heat  cycle 

03 

M  . 

. 

440 

113 

390 

637 

Actual  gasoline 
engine 

.289 

3oo 

86 

297 

730  - 

i 

Advantages  in  using  Variable  Specific  Heat  Standard  instead 
of  ideal  Air  Standard  as  a  comparison  of  efficiency  of  actual 
-engine.  Because,  the  variable  specific  heat  standard  represent 
the  ideal  practically  attainable  standard  when  using  same  working 
mixture  as  that  of  the  actual  engine.  Its  efficiency  is  lower 
than  the  air  standard,  and  appreciably  higher  than  that  of  the 
actual  engine;  owing  to  the  fact  that  no  cylinder  heat  losses  are 
pre-sup-posed  in  the  ideal  case. 

Dhe  actual  thermal  or  indicated  efficiency  is  the  ratio  of 
the  useful  work  obtained  at  the  piston  to  the  heat  supplied  during 
the  cycle. 


.  ■ 

' 


Relative  Efficiency  of  Actual  Engine  and  Ideal 


1 

Mixture:  Air  to 

'Efficiency 

I 

Efficiency 

gas  ratio. 

Air  Standard  Effic. 

Variable  Spec;  Heat  • 

by  weight 

Stand.  Effic. 

io;i 

.624 

1759 

i4;i 

.535 

;696 

17.4 

.594 

.750 

Variation  of  Efficiency  with  Compression  Ratio. 

Relative  Efficiencies 


Comp. 

jlatio 

4 

j 

! 

r 

I 

Comp. Pressure  in  I 

Actual 

Air 

Stand¬ 

ard 

Effic. 

Ideal  ' 
Var .  ' 
Spec , 

jHeat 

Ef f ic. 

Ef  f i c . 

Effic. 

lbs. per  sq.in* 
above  *  atifidspher  ic 
at  1000  r.p.m. 

Effic. 

of 

Engine 

Air.  ' 
Stand? 
&*•& 

Effic. 

-Ideal  * 
Var .Spec. 
Heat 

Effic. 

4i  71 

86 

;275 

o;563  ; 

:367 

0:594 

.749 

4:35 

77 

.272 

o;450 

354 

c;604 

.769 

3.92 

68 

.262 

0.425 

.337 

0.615 

.780 

The  table  shows  results  for  same  strength  of  mixture  and 
same  speed  of  engine. 

Actual  or  measured  efficiency  depends  on  both  the  mixture 
strength  and  engine  speed. 

Efficiency  of  actual  engine  only  about  76%  of  speciiic  heat 
standard  efficiency,  and  only  about  60%  of  air  standard  Jeff iciency 
Opportunity  for  obtaining  larger  theoretical  improvement 
through  use  ef  working  substance  that  more  nearly  approaches  the 
air  standard;  also  possible  use  of  higher  compressions.  Greatest 

possible  gain  through  elimination  of  all  losses  of  heat  to  cooling 
water  and  to  the  exhaust- is  comparatively  small,  -  about  20%,  nc u 

open  to  much  improvement. 
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Indicated  Thermal  Efficiency.  . . .  . 

. . Actual  work  done 

Thermal  Efficiency  =  - - - ' - -  — —  - 

Heat  supplied  in  fuel 

If  work  done  is  the  indicated  horsepower,  the  efficiency 
is  called  "Indicated- Thermal  Efficiency",  if  wrrk  done  is  at 
crank  shaft *  the  efficiency  is  known  as  "Brake  Thermal 
Efficiency". . 

Ratio  of  the  two  efficiencies  represents  the  Mechanical 
Efficiency  -  varies ■ from- 80%  to  90 %  depending  on  losses  in 
friction,  unbalance,  etc.  •••••• 

Indicated  H.P.  x  33,000  x  60 

Indicated  Thermal  Efficiency  * - ■--- — - --- 

¥  x  % x  778 

where  ¥  is  the  weight  in  pound  of  the  fuel  used  per. hour,  and 
Q,  is  the.  calorific  value,  of  fuel  in  B.T.U.  per  pound. 

Brake  Thermal  Efficiency  =  Indicated  Thermal  Efficiency 

x  Mechanical  Efficiency, 

Thermal  efficiency  increases  as  speed  increases;  fuel 
consumption  diminishes  as  speed  increases,  up  to  a  limiting 
speed,  .  .... 

Relation  Between  thermal  efficiency  and  fuel  consumption* 
Indicated  thermal  efficiency  =  48.7  -  43.2  G  where  G 
is  weight  of.  gasoline  in  pounds  per  indicated  horsepower  per  hour 

Results  of  tests  on  small  four-cylinder  auto-engine . -  Lrhead 

type,  2-3/4"  Bore  x  4"  stroke,  compression  ratio  4,45.  Engine 
C  was  engine  A  with  new  design  cf  -cylinder  head  giving  greater 
turbulence  and  higher  compression,  and  with  aluminum  pistons  in 
place  cf  cast  iron* 
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Relation  between  Fuel  Consumption  and 
Thermal  Efficiency  1 


* 

I 


i"  R.P.M. 

Engine 

1,200  [ 

1,400 

1,600 

1,800  ij 

>2,066 

rli  id  1  c  a  t  e  d  the  r mal 

A 

23:2 

24.2 

25;4 

26;i 

25.2 

'  efficiency 
*  * 

c 

26.3 

27.7 

29.1 

30.1 

31.3 

;  b.h.p. 

A 

12;6 

14;  6 

16;4 

17:75 

18:6 

*  *  •  . 

-  •  - 

C 

13.6 

15.8 

13.0 

20.2 

22.2  j 

•  * 

Fuel  (lbs. 'per 

A 

0;590 

mm  rn»  m.m  mm  mm  —  • 

0;565 

o;539 

l  -0:525 

0.542 

IcH.P.-hr. 

i  •  1 

C 

0.521 

• 

0.494 

0.470 

• 

0.454 

0.437 

Fuel  (ihs.’per 

A 

0;691 

0;667 

0.647 

0:646 

0.690 

B.Hc?.-hr. ) 

C 

0.559 

0.559 

0.53fl 

0.524 

0.510 

1  Che  r  mal  Rat i 0  Ef f i e . 

A 

39.3 

42,8 

47;2 

4§*l 

46  i5 

Fuel  per  I.K.P,-hr. 

C 

'  50.4 

56.1 

62.0 

66.4 

71.6 

. 

L.. 

L . . 

j 

.  \ 


K. 


' 
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ihermal-  3Tff  iciency  at  Light  Loads,  Engine  which  gives  maximum 
thermal  eih  iciency  a  l  about  full  load,  will  give  poor 
fuel  economy  at  light  loads. 


Fuel  Con  sump t i c n 


Curve  shows  that  at  one-half  load  the-  fuel  consump¬ 
tion  is  about-  25%  greater  than  at  full  load,  and  that  at 


Gels , .per 

b.h.p. 

hr. 


» 05 

90 

75 


one-third  load  the  fuel  consumption  is  about  60%  greater 
than  at  three-fourths  to  full  load.  ; 


Factors  Influencing  Thermal  Efficiency  . 

Thermal  Efficiency  of  internal  combustion  engine  depends 

on,  -  j 

II  nature  of  fuel  used 
,21  Proportion  of  air  to  fuel 
3.'  Compression  pressure  • 

4 1  Size  of  cylinder  and  shape  of  combustion  chamber. 
5!  Rationof  stroke  to  bore. 

61  Speed  of  engine 

Amount  cf  fresh  charge  admitted,  throttle  opening. 
8,  General  design,  valve  openings,  valve  timing, 

'■  •  cooling  arrangements,  etc. 


1  • 

'  \ 

■ 

n  - 
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Composition  and  Proportion  of  Charge , 


.  Since  the  quantity  of  fuel  supplied  represents  a  •• 
certain  amount  of  heat  energy,  the  thermal  efficiency  de¬ 
pends  on  amount  of  fuel  supplied  and  on  percentage  of  this 
fuel  that  is  actually  burned  successfully,  .  .. 

If  the  mixture  is  too  rich,  there  will  result  incomplete 
combustion  of  part  o  f  the  fuel;  part  of.  the  fuel  will  pass 

,  i 

into  the  exhaus  t  without  yielding  its  maximum  heat  energy,  - 
therefore,  lower  thermal  efficiency. 


The  curve  shows  the  re¬ 
lation  between  fuel 
wasted  .and  carbon 
monoxide  present  in 
exhaust. 


Efficiency  with  weak  mixtures.  With  over-weak  mix¬ 
tures  the  governing  influences  are  slowness  of  *  combust i on 
and  heat  absorption  bv  the  surplus  air  present.  The 
curve  shows  hew  thermal  efficiency  changes  with  different 


mixture  strengths  * 


Temp, 
of 'Exh. 

C°, 


10 


* 


•  • 


' 
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The  lesults  show  that  the  mixture  strength  that  v  ■ 

gives  the  maximum  thermal  efficiency  is  weaker  than  the 

Proportion  that  gives  complete  combustion.  Therefore,  to 

obtain  highest  fuel  economy  the  engine  should  be  run  with 

mixtures  somewhat  on  the  weak  side  of  that  for  complete 
combustion.  . 

Curve,  dotted  line,  shows  measured  exhaust  temperature 
for  different  mixture  strengths.  Discussion  of  reason 
why  weaker  mixture  gives  highest  thermal  efficiency. 

Curve  showing  effect  of  compression  on  thermal  effi¬ 
ciency  and  mixture  strength. 

28  '  ‘  !i  '  ; 

A,  B,  and  C,  have • compression 

ratios  of  4.71,  4.35  and 

3.92.  Same  engine,  running 

at  same  speed. 

'  it 


20  18  16  14  12  10 

Mixture  Strength 

Curves  of  same  general  f.orm  as  the  previous  one,  al¬ 
though  there  is  a  slight  tendency  with  high  compressions 
for  the  maximum  eff  icienciesto-?'  occur  with  mixtures  a 
little  weaker.  .  •  ,  •  • 

This  effect  of  compression  must  not  be  confused  with 
the  direct  influence  of  amount  of  compression  on :  ef  f  ic ienc;y 

Mature  of  Duel,  Practical-  working  conditions  must 
-be  considered.  Compression  pressures  for  highest  thermal 
efficiency;  fuel  consumption.  Relative  costs.  Sj>ince 
thermal  efficiency  varies  inversely  as  the  product  .of-  the 
quant  ity  of  fuel  used  and  its  thermal  eapacity,  -if  -the ’ . 
latter  is  small,  the  former  must  be-high  for  same  efficient 
and  horsepower. 


;  . 

' 

. 
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Influence  of  Compression  on  Eff ic iency. 

From  both  the  theoretical  and  practical  considerations, 
the  thermal  efficiency  of  an  engine  increases  with  the  compres¬ 
sion  pressure  for  the  same,  speed . and  mixture  strength*  * 

l  n-1 

From  the  theoretical  aspect,  E  ~  1  -  ( -  — -i±- -----  ) 

comp,  ratio 

so,  if  the  gas. could  be  compressed  indefinitely  the  efficiency 
would  become  100%* .  .  .... 

From  the  practical  point  of  view,  an  increase  in  compress¬ 
ion  ratio  affects  the  thermal  efficiency  in  several  ways-.. 

< 

"  The  losses  of  heat  from  the  explosive  mixture  depend,  among 
other  things’  on:' 

l;  The  total  internal  area  of  the  exposed  walls, 

2.  The  length  of  duration  of 'the  heat  less, 

. 3.  The.  density  of.  the  cha.rge,.  .  ... 

There  is  a  decrease  in  the  heat  loss  from  the  charge  to  the 
cylinder  Walls  as  the  compression  presssure  is  increasing  -up 
to  a  certain  limit;  there  is  a  smaller  amount  of  residual  ex¬ 
haust  gases,  which  increases  the  -efficiency;  the  higher  the  com¬ 
pression  pressure,  the  quicker  the  explosion  period,  and  the 
higher  the  pressures  attained;  as  the  combustion  ratio  -is-  in¬ 
creased  the  density  of  the  charge  goes-up,  and  the  temperature 
of  combustion  increases,.  .  ..  ..  .  .  . 

The  chief  beneficial  influence  of  compression  on  engine 
efficiency  is  to  cause  the  maximum  explosion  pressure  and  the 
mean  effective  pressure  to  be  higher,  due  to  the  greater . range 
of  expansion. 


•• 

'  •  .  .  * 
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The  effect  of  higher  compression  is  to  enlarge  the 
indicator  diagram  for  same  fuel  consumption  at  same  terminal 
pressure.  Tests  of  Dr.  Watson,  (page  45)  show  increase  in 
thermal  efficiency  with  increase  of  compression. 

Ideal • Attainable  Standard  Thermal  Efficiency;  proposed 
by  Ricardo.  Air  standard  efficiency  reduced  34%,  so  that 
possible  attainable  standard  is  66%  of  the  air  standard. 


.  34 

Effic.  32 
per  430 
cent 


26 
24 

Compression  Ratio. 

Line  -il  -represents  proposed  ideal  attainable  standard;  line 
B,  the  -corresponding  ideal  attainable  brake  thermal  efficiency. 
The  34%  reduction  was  made-up  of  the  following  allowances: 

16%  for  loss  due  to  change  of  specific  heat 
15%  for  loss  of  heat  to  cylinder  tells 
1%  for  loss  due  to  explosion  not  being  instant¬ 
aneous 

2%  for  loss  due  to  early  opening  of  exhaust  valve 

The  curves  give  results  which  appear  to  agree  fairly  well 
with  actual  performance.  j-. 

Relation  between  gasoline  consumption  and  corresponding 

•thermal  efficiency  is  shown  in  the  curve -which- is  based  on 
assumption  that  1  pound  of  gasoline  =  18, 290.  B.  T.U.  = 

14.5  x  10^  f  t.  pounds 


. 

' 
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. 
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Effect  cf  Shape  and  Size  of  Cylinder  and  Combustion  Chamber* 

Effect  of  Shape.  As  attainable,  expl.cs ion  pressure .depends 
somewhat  on  amount  of  heal  abstracted  by  mils,  the 
shape  of  combustion  chamber  influences  the  thermal 
efficiency.  If  area  is  large  compared  t-o  volume,-  heat 
loss  to  walls* will  be  greater  and  pressure  attained 
will  be  lower. 

-  -  Table  given  ratio  of  combustion  chamber  area  to 
clearance  volume. 


. ! 

'  •  . .  •  j 

.•  .  .  j 

1 

Volume  of 
Clearance 

Ratio  of  Surface 
to  Volume 

Actual  T-head  Engine 

A 

184 

C.  c . 

2.01 

B 

203 

w 

1 186 

. 

G 

233 

w 

i:69 

Equivalent  Hem  is- 

A 

184 

n 

0:99 

pherical  Shape 

B 

203 

« 

0.94 

C 

233 

0.88 

-  Ratio  of  surface  to  volume  of  hemispherical  shape 
is  about  50%  of  that  for  T-head. 

Several  successful  engines  have  combustion  chambers 
which-- approximate  the  hemispherical  shape. 

Nature  of  cylinder  walls.  Loss  of  heat  to  mils 
depends  on  the  condition  cf  their  surfaces.-  Heat  radiated 
from  polished  surfaces  less  readily  absorbed  by  -walls,  - 
higher  thermal-  efficiency.  With  rough,  unfinished  walls 
absorption  of  heat  is  greater.  Rate  of  heat  loss  to  car¬ 
bon*. coated  surface  is -reduced  and  less  heat  is  abstracted 
f rom  e xploding  charge* 

•  Effect"  of  Size.  Heat  loss  varies  as  ratio 
surface  1  '  • 

- -  =  - - *  — ,  inversely  as  their  diameters. 

volume  diameter  '  -  .  .  .  .  . 

Efficiency  becomes  higher  as  diameter  is  increased-...  Effic¬ 
iency  .of  engines,  of  small  sizes  would  be  correspondingly 
low;  relative  fuel  consumption  would  be.higher. 

fir oke-Bore  Rati  o  * 


Relative  Thermal 


efficiency  of  long  and  short 


stroke  engi 


*  ‘ 


: 


'' 


•  * 


. 
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Fcr  such  stroke-bore  ratios /are  practically  usable  in  air-  . 
plane  engines,  the  difference  in  thermal  efficiency  is  practically 
negligible. 

Off-Set  Cylinders. 

Effect  of  Speed  ®n  Thermal  Efficiency. 

As  speed  of  a  gasoline  engine  is  increased  up  to  a  certain 
limit,  the  thermal  efficiency  increases.  At  high  speeds  there 
is  less  time  fcr  heat  exchange  between  the  charge  and  cylinder 
walls,-  better  efficiency.  Variation  of  efficiency  with  speed 
i.s  nearly  the  same  for  different  compression  ratios  and.  dif¬ 
ferent  mixture  strengths  over  a  wide  range.  Thermal  efficiency 
of  small  engines  due  chiefly  to  the  very  much  higher  speed  at 
which  they  can  run. 

Effect  of  Throttling  on  Efficiency.  ••  •  *  • 

Thermal  efficiency  increases  as  speed  is  increased;  and 
highest  thermal  efficienc3r  is  obtained  when  engine  is  throttl¬ 
ed  to  about  three-fourths  power* 

Practical  considerations  that  fix  upper  limit  of  speed* 

Best  thermal  efficiency  is  attained  before  highest  speed 
is  reached;  at  this  speed  fuel  consumption  is' lower.  Often 
desirable  from  considerations  of  engine  rating,  pewer  for  weight, 
to  obtain  maximum  power  for  a  given  cylinder  size* 

Effect  of  Valve  Timing;  on  Efficiency. 

Time  of  valves  has  noticeable  effect  on  thermal  efficiency* 
Amount  of  fresh  charge  depends  on  period  and  amount  of .inlet- 
valve  opening;  time  of  opening  exhaust  valve  governs  ending  of 
expansion  and  amount  of  heat.,1  ost  to  the  exhaust.  Time  of  clos- 
i-ng-  exhaust  valve  influences'  .amount  and  temperature  of  exhaust 
gases  which  'affects  suction  temperature .  Patticular  attention 
given  .to  effect  of  time  of.,  closing  inlet-valve.  •  *,_p 

Actual  Thermal -Efficiency  '  ..... 

Greatest  possible  thermal  efficiency  of  gasoline  engine 
working  under  ideal  conditions  (no  losses  to ‘water  jacket,  etc.) 
is  20%  to  25 %  le.ss  than  the  air  standard  efficiency.  So;  with 
engine  working  with  compression  ratios  between. 5  and  6,  the 
highest  efficiency  that  could  be  expected  to  obtain  would  be  ' 
about  38 
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Volumetric  Efficiency 

The  quantity  of  charge  is  always  less  than  the  theoretical 
quantity.  The  ratio  of  the  actual  quantity  to  the  theoretical 
quantity  is  called  the  "Volumetric  Efficiency". 

The  quantity  of  fresh  charge  induced  into  the  cylinder 
depends  on  several  factors, - 

1.  Frictional  resistance  offered  to  the  flow  of  gas 

2.  Velocity  of  the  gas 

3.  Heating  of  the  charge 

4.  Mechanical  suction  of  piston 

5.  Timing  of  the  valves. 

The  frictional  resistance  encountered  by  the  charge  is 
dependent  on  the  following  factors: 

1.  The  design  of  the  carburetor. 

2.  The  length 'and  dimensions  of  the  inlet  pipe." 

3.  The  number,  size  and  placement  of  the  valves. 

4.  The  number  of  bends  in  the  induction  line.  . 

Ordinary  carburetors  make  use  of  venturi  or  choke  tubes 
through'  which • the  charge  is  given  an  increase  of  velocity  of 
at  least  100%,  Throttling,  or  wire-drawing, • of  the  air  supply 
occurs  also  at  other  parts  of  the  carburetor. 

Short  pipes  of  ample  size  are  necessary  for  high  volumetric 
efficiency. 

Valves  should  be  so  designed  that  there  is  no  appreciable 
increase  of  velocity  past  them,  and  also  no  undue  heating  of  the 
charge . 

Each  bend  in  the  induction  line  is  a  source  of  loss,  due 
to  eddies  and  turbulence. 

Engine  dees  not  fill  entirely  its  stroke  column  with  a  fresh 
charge . 

density  of  Change 

The  density  of  the  charge  in  the  cylinder  is  a  direct 
measure  of  the  volumetric  efficiency. 
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Example.  If  the  temperature  of  the  inlet  charge  is 
135°  E,  then  its  density  would  be 


32  +  459  _  491 

135  +  459  594 


0.827  =  82. 7% 


V'ith  actual  engines,  however,  it  is  net  possible  to  ob.- 
tain  atmospheric  pressure  at  the  end  of  the  suction  stroke, 

so  the  actual  volumetric  efficiency  will  always  be  less  than 
this  ideal  value.- 

Ricardo  has  proposed  a  reduction  of  the  ideal  volumetric 

efficiency  by  5%  as  a  standard  of  comparison  with  actual 
engines,-  reduction -is  equivalent  to  reducing  the  terminal  pres- 
•  sure  to  14.3  pounds.  . 

With  this  as.  a  standard,  the  ideal  volumetric  efficiency 
in  the  example  would  be  0.95  X  0.827,  or  78.6%. 


This  vaL  ue  corresponds  to  a  gas  velocity  of  about  120 

4 

feet  per  second  in  a  short  pipe. 

Volumetric  efficiency  is  dependent  on  the  density  of  the 
fresh  charge;  that  is,  on  the  temperature  and  pressure  of  the 
charge  in  the  cylinder. 

The  maximum  po  ssible  amount  of  useful  work  depends  on 
the  quantity. of  the^ charge  in  the  cylinder  at  the  end  of  the 
suction  stroke;  and  the  quantity  of  this  charge  will  be 

initially  governed  by  the  amount  of  oxygen  present  in  the  in¬ 
duced  charge. 

The  volumetric  efficiency  can  be  obtained  from  the  indica- 


s - V 


s  - * 


volumetric 


tor  diagram  if  the  point  of 
crossing  of  the  compression  line 

with  the  atmospheric  line  can 
be  determined. 

S1 

efficiency  = 

S 


Velocity  of  Flow. 

The  mean  velocity  of  flow  for  small  differences  of  pres¬ 
sure,  can  be  found  approximately  from  the  formula 


, 


. 
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where  d  is  the  density  of  the  gas  (pounds  per  cu.ft.)  and 
P  the  atmospheric  pressure  and  ps  the  suction  pressure  in 

the  cylinder.  If  the  pressures  are  in  pounds  per  sq.ft.,  the 
velocity  will  be  given  in  feet  per  sec. 

Example.  Taking  the  difference  of  pressure  between  the 
atmosphere  and  that  in  the  cylinder  during  the  suction  stroke 
as  one  pound,  Ps  =  13.7;  and  assuming  the  density  of  the 
charge  to  be  0,b9  pounds  ~>er  cu.ft, 

v  =  J-----  (14.7  -  13.7)  X  144  -  320  ft.  per  sec. 

*0.09 

This  theoretical  velocity  is  higher  than  would  be  attained 
in  an  actual  engine,  as  no  allowance  has  been  ta.ken  of  the 
effect  of  resistance,  eddies,  obstructions,  and.  skin  .-friction* 

Velocity  of  induced  charge  depends  on  the  difference  of 
pressure  between  the  atmosphere  and  that  in  the  cylinder  dur¬ 
ing  the  -suction  stroke;  but,  for  high  volumetric  efficiency, 
it  is  imperative  to  keep  this  velocity  as  low  as  *  possible , 
therefore,  the  pressure  difference  must  be  small.  The  resist¬ 
ance  due  to  eddying,  bends,  and  skin  friction  vary  approximately 
as  the -square  of  the  velocity.  Tests  have  shown  that  at  high 
speeds,  the  resistance  may  vary  at  a  higher  ratio  of  velocity 
than-,  the  square. 

In  order  to  keep  the  inlet  velocity  as  small  as  pessible, 
large  valves,  cr  a  multiplicity  of  valves,  combined  with  fair¬ 
ly  straight  .and  smooth  pipes  and  passages  are  used.  The  in¬ 
let  velocity  varies -from  125  to  150  feet  per  second  according 


100 
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/‘in 
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Velocity 
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200  second 


100  ^et 
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Piston 


length  of  inlet  pipe  =  45  in 
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Diagram  illustrating . gas . velocities  in  different  parts 

cf  induction  line  for  a  R.A.E.  lb,  aeroplane  engine.  8-cylinder 
V-type  air-cooled,  bore  4-l/8",  stroke  5-l/2”,  compression 
ratio  4.5.  Power  cut-put,  105  b.H.P*  at  1600  r.p.m. 


Ricardo's  curves  give  a  hypothetical  relationship  between 
the  volumetric  efficiency  and  the  gas  velocity  for- short  inlet 
pipes.  Allotment  of  a- volumetric  efficiency  of  80.5%  for  a 
gas  velocity  cf  100  ft.  per  sec.  Lo&9/  of  19.5%  was  placed  as 
follows : 

Least  loss  to  heating  at  inlet  valve  17*3% 

"  w  u  pipe  resistance  2.2% 


Volumetric 
Eff  iciency 
per  cent 


100  1 20  140  160 18 

Gas  Velocity.  Ft.  per  S’ec. 

Curve  H  is  for  engines  with  valves  in  the  head. 
Curve  L  is  for  engines  with  valves  in  side  pockets. 


-  ■ — - 
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Shin  Friction 

Frictional  resistance  to  gas  flow  may  be  represented  by 


where  c  is  coefficient  dependent  on  nature  of  surface;  1,  length 

of  pipe;  m,  ratio  of  area  of  section  to  perimeter;  v,  velocity  of 
flow.  For  cirular  pipe 

f  _  4  C'  1  2 

f  -  --5-  V 

where  I)  is  diameter  of  pipe. 

The  formulae  are  approximate  for  velocities  less  than  150  ft, 
per  sec. 

Resistance  varies  directly  as  the  length  of  the  pipe  and  the 
square  of  the  velocity,  and  inversely  as  the  diameter  or  the  ratio 
of  area  of  section  to  perimeter.  Effect  of  less  in  gas  flow  is  to 
cause  a1 less  in  weight  of  the  charge. 

Formula  of  National  Physical  Laboratory' 

0  91  1,86 

F  =  0.0000082  A  *  V 

where  F  is  the  friction  force  in  pounds,  A  the  area  of  surface 
in  sq.ft,  and  V  the  velocity  in  ft.  per  sec. 

Effect  of  Bends. 

Effect  of  bends  is  equivalent  to  increased  frictional  re¬ 
sistance.  The  sharper  the  bend,  the  greater  the  equivalent 
frictional  loss. 

The  manner  in  which  the  loss  varies  with  the  radius  of  the 
bend  is  sjiown  in  the  table. 


[Radius  of  Bend  j  11 

7 

5 

2 

1  1 

.75 

.  5 

■Equivalent  Resistance 
expressed  in  length 

1  of  straight  pipe 

■ 

4.1 

6.1. 

7,7 

9.0 

17.3 

34.1 

118 

i 

- — - ^ m 


- 
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ffther  Causes  of  Loss  in  Induction  Line . 

Loss  due  to  sudden  changes  of  section.  . 

Less  due -to  -obstructions,  such  as  carburetor  nozzle,  valve 
stem,  ledges,  etc „ 

Loss  due  to  heating  of  charge  by  hot  walls  and  piston  and 

to  work  dene  on  gas  by  piston. .  . . 

So  far  as  frictional  losses -are  concerned,  back¬ 
pressure  effect  of  exhaust  gas  flow  follows  same  conditions 
as-  the  induction  flow. 

Gas  Flow  Through  Valves. .  . 

•Design  of  valves  has  important  bearing  on  volumetric 
efficiency;  Effect  of  friction  at  high  velocity  of  flow 
is  serious.  .  ..  .  ...  . 

Placement  of  Valves.  '  Best  arrangement  for  vclurnetr' 
efficiency  is  overhead  valve  type,-  charge  comes  straight 

into  cyl inder  with  practically  no  change  of  direction.  With 
side-by-side  vaL  ve  type,  charge  has  to  make  two  bends  of  about, 
90°  to  reach  the  same  place  in  the  cylinder,  -  loss  due  to- 
bends  at  high  gas  velocity  is  considerable.  Another  reason; 
with  side-by-side  valves  the  mixture  has  to  pass  over  a  larger 
area  of  combustion  chamber  before  it  arrives  in  the  cylinder, 
and  the  charge  becomes  heated  more,  and  loses  in  density. 

Heating  of  the  Charge  .  . .  .  .  . 

Entering  charge  becomes  rapidly  heated.  Effect 
of  premature  heating  of  charge  i s  to  cause  gases  to  ex¬ 
pand.  Also  charge  becomes  heated  by  mixing  and  contact  with 
exhaust  products  of  previous  stroke, 

Effect  of  hot  engine  in  reducing  the  charge  shown 
by  curves  of  tests  on  four-cylinder  automobile  engine.  The 

curves  give  an  increase  in  quantity  ef • charge  with  cold  engine 
of  10%  to  12%  for  speeds  above -800  r.p.m.  Charge  falls-off 
rapidly  with  increase  of  speed.-  volumetric  efficiency  de¬ 
creases  as  engine  speed  increases. 


. 


•  ‘ 
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Curve  showing  volumetric  efficiency  as  a  Holine-Knight 
engine  at  different  speeds. 

Generally  speaking,  in 
modern  motor-vehicle  practice 
the  charge  efficiency  is 'fro 
80%  to  88%  at  1000  r.p.m.,  z 
the  efficiency  falls-off 
regularly  with  increased  spec 
on  account  of  the  increased 
frictional  resistance. 


400  800  -1200  1600  2000 

R.  P,M. 

Effect  of  Quantity  of  Charge 


80 


Effect  of  running  an  engine  practically  throttled 
is  somewhat  the  same  as  an  engine  showing  poor  volumetric 
efficiency.  Maximum  power  is  determined  by  -  the  amount  cf 
charge  which  can  be  drawn  into  the  cylinder. 

Effect  of  lev;  volumetric  efficiency  at  high  engj 
speeds  is  to  lower  the  compression  pressure;-  the  effectiv 
pressure  on  the  piston  is  therefore  less. 
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Compress  icn  effect  is  represented  in  the 
indicator  diagram. 


Lew  Speed 


Difference  in  area  of 
the  two  diagrams  represent 
less  in  effective  pressure  * 
High  Speed  that  accompanies  high  speed. 

When  an  engine  gives 
low  volumetric  efficiency, 
any  efforts  that  are 
made  to  raise  the  volu¬ 
metric  efficiency  that 
result  in  still  higher 
speeds,  and  higher  ex¬ 
plosion  pressures,  may 
not  be  beneficial  to 

the  working  parts  of  the  engine;  which  may  have  a  strength  to 
resist  enly  the  lower  pressures  and  temperatures. 

It  is  common  practice  in  the  design  of  high-speed,  engines  .  . 

to  fix  the  valve  area  and  valve  timing,  placement  of  valves,  etc., 
so  that  the  volumetric  efficiency  is  high  at  the  working  speeds; 
and  it 'does  not  always  follow  that  the  engine  is  flexible  at  all 
s needs » 
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Temperatures  within  the  Cylinder 


Temperatures  existing  within  the  cylinder  of  a  gasoline 
engine  can  only  he  estimated  approximately. 

direct  measurement  of  temperatures  during  the  working  cycle 
is  a  difficult  problem,-  because  of  high  explosion  temperatures 
and  rapid'  temperature  changes.  ■  • 

In  making  study  of  the  behavior  of  the  gases  it  is  essen¬ 
tial  to  know  with  some  degree  of  accuracy  the  temperature,  at 
least,  at  one  important  point  in  the  cycle  from  which  the  temp¬ 
eratures  and  pressures  at  other  points  may  be  calculated. 

Suction  Temperature.  If  the  exhaust  temperature  is  known  or  can 

be  determined,  it  is  possible  .to  calculate  the  suction  tempera¬ 
ture  with  a  fair  degree  of  accuracy  from  the  relation*. 

m  _  ntTe 
"s  "  ,(n-l)Tg'+’t 

Xiliere  t  is  the  temperature  of  the  atmosphere  and  Ts  and  Tg 
the  temperature  of  suction  and  exhaust  respectively. 

The  following  exhaust  temperatures  have  been  suggested  as 
being  fairly  representive.  For  compression  ratios  4,  5  and  6, 
the  temperatures  are  1530°,  1470°  and  1440°  F. 


Example ♦ 
pressi  on 


If  temperature  of  entering  air  is  60 
ratio  -5, 


§(§2..+.459)(l470_+_459)  = 
4  X  1929  +  519 


608 


o 


o 


F  and  com 
abs . 


The  mean  temperature  of  the  exhaust  gases  for  different  mixture 
strengths  obtained  from  an  automobile  engine^running  at  1100 
r.p.m.  is  shorn  in  the  curve. 


— 


. 


- 
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The  exhaust  temperature  also  depends  on  the  compression 

ratio,  engine  speed,  and  general  design  of  the -engine,  sc  it 
may  he  expected  to  vary  with  different  engines. 

Measurements  have  shown  that  there  is  very  little  differ¬ 
ence  in  temperature  between  the  top  and  bottom  of  the  cylinder 
barrel.  This  difference  may  be  35°  F.  and  it  becomes  smaller 
as .  the  speed  increases;  the  value  may  be  as  high  as  115°  F. 
with  air-cooled  engines. 

The  mean  temperature  of  the  exhaust  valve  is  probably 
about  700°F;  the  mean  temperature  of  the  inlet  valve  probably 
lies  between  250°  F;  and  450°  TV  The  mean  piston  temperature 
may  be  about  600°  F.  These  figures  must  be  taken  as  provisional 
onlv. 

With  airplane  engines  there  is  likely  to  be  a  difference 
in  the  temperature  between  the  front  and  the  back  of  the  cy¬ 
linder;  this  difference  of  the  maximum  temperature  may  be  as 
much  as  100°  F„  • 

Tests  of  Dr.-  Gibson  and  others  have  shown  that  the  maximum 
temperature  of  the  combustion  head  should  net  exceed  550°  F. 
for  air-cooled  engines.  Temperatures  above  570°  F,  are  liable 
to  distort  the  cylinders  and  crack  the  valve  seats;  pre- ignition 
trouble  also  occurs.  The  best  results  in  gasoline  consumption 
and  power  output  with  air-cooled  engines  appear  to  be  obtained 
with  maximum  combustion-head  temperatures  of  from  400°  to 
450°  F.  If  the  engine  is  larger  than  4-in.  bore,  higher  values 
are  allowable. 

The  exhaust  valve  temperature  should  not  exceed  1300°  F. 

It  is  possible  to  use  a  working  temperature  of  1200°  F.  quite 
•  satisfactorily  with  1.5  in.  valves. 

Temperature  Variation  with  Speed.  The  temperature  of  the  cylinder 
at  any  part  increases  with  the  engine  speed,-  variation  is 
more  marked  at  the  lower  speeds  than  at  the  higher  speeds. 

Table  giving  results  of  test  made  at  different  speeds  with 
full  -load  under  a  cooling  wind  of  53.5  miles  per  hour  at  22°  C. 
ITngine  had  aluminum  cylinder,  4.5^  bore,  5.5**  stroke,  and  com¬ 
pression  ratio  4,7. 


•  •  1 

•  • 

* 
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Temperature  on  Side  of  Combustion  Space 


[Engine  Speed  in '/R. KIi. 

B.B.P. 

Temperature  °C„ 

1 

‘800 

io ;  2 

100 

1,000 

12.8 

103 

1,200 

15:4 

124 

1,400 

18.0 

123 

1,600 

19;-? 

136 

1,800 

20.6 

138 

Effect  of  Compression  Ratio 

-For  every  engine  there  appears  to  be  a  certain  compression 
ratio  which  gives  a  minimum  wall  temperature,  and  that  for 
higher  or  lower  compression  ratios  the  temperatures  increase. 

Table  showing  the  effect  of  compression  on  temperature  of 
cylinder  barrel  as  obtained  from  tests  on  an  aluminum  air¬ 
cooled  cylinder  of  4"  bore  and  5. 5™  stroke  under  maximum  load 

in  a  coding  wind  of  64  miles  per  hour.  Gasoline  consumption 
is  al so  given. 


Compression 

Ratio 

Brake  M.E.P.  J 

Gasoline  Con¬ 
sumption  per 
B.H'.P.  per  hr. 
Pounds 

Mean  Temp 
of  Cylind 
in  0 

~~Top 

erature 
er 'Barrel 

_c.; 

""Bottom”  ~ 

4i6 

116.2 

0:530 

180 

105 

5.0 

119.3 

0.507 

170 

95 

5:4 

122.0 

0 490 

157 

89 

5.8 

125:0 

0.475 

154 

85 

6  i  2 

129  ;o 

0;480 

183 

110 

6.4 

123.0 

0.520 

212 

135 

The  results  show  that  the  minimum  wall  temperatures  and 
lowest  gasoline  consumption  occur  for  the  compression  ratio 
5.8.  The  practical  limiting  value  seemed  to  be  about  6.  For 
compression  ratios  above  6,  there  was  excessive  charge  heating 
and  cylinder  temperatures;  occasional  ’’pinking*"  occured  with 
a  compression  ratio  of  6; 2;  and  there  was  heavy  knocking  with 
a  compression  ratio  of  6.4. 


f 
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Increase  in  mean  effective  pressure  and  thermal  effic¬ 
iency  with  increase  cf  compression  ratio  is  also  shown. 

Effect  of  Mixture  Strength  .  . 

Greatest  amount  of  heat  is  liberated  from  mixtures  of 
about  the  correct  proportion  of  air  to  gasoline,  -  cylinder- 
temperatures  would  be  a  maximum  under  such  mixture  strength. 

The  results  of  measurements  of  exhaust  gases;  given  on 
page  58,  support”  this  view.  In  the  case  of  weaker  mixtures 
the  hot  .gases  give  a  s omewhat  higher  exhaust  valve  tempera¬ 
ture,  tending  to  cause  overheating* 

Table  giving  Exhaust- Valve  Temperatures  for  different 
mixture  strengths  obtained  ff-om  the  air-cooled  aluminum  cylin¬ 
der  engine,  4,”  ^ore,  5.5W  stroke,  compression  ratio  5.5. 


kir/Gaso-'. 
‘line  Ratio 

Brake  M.E.P. 

f-*  , 

Gasoline  Con¬ 
sumption  in  lbs. 
per  B.H.P.  hour. 

Exhaust  Valve 
Temp,  at  1400 
r.p.m.  °  C„ 

u;i 

122 

0.622 

706 

11'.  9 

1  13.8 

122 

0:589 

717 

119 

0:515 

747 

i  -  i5;2 

116 

0;480 

752 

1  15.7 

L 

114 

0.470 

747 

The  maximum  cylinder- head  temperature  was  237°C  with  a 
mixture  of  about  13.0,  falling  to *200°  C  for  a  ratio  of  10.5 
and  to  215°  C  for  a  ratio  cf  15.4.  The  air  temperature  was 
23  0  CV 

The  mixture  proportion  that  gave  the  greatest  power  output 
was  ab out  • -13  •„ 5  which  is  about  the  ratio  for  the  maximum  cylin¬ 
der-head  temperature,  and  the  same  as  that  giving  the  highest 
cylinder-liner  temperature. 

Effect  of  Timing  of  Ignition  •-  ... 

Point  of  ignition  has  marked  effect  on  the  character  of 
combustion;  very  late  ignition  prolongs  combustion,  very 

\  - 

early  ignition  causes  heat  accumulation,  -  the  effect  of  either 
tends  to  increase  cylinder  temperature. 

Table  giving  results  of  tests  by  Br.  Gibson  on  an  aluminum¬ 
headed  air-cooled  cylinder,  .5* 5M  bore  by  6.5"  stroke. 


. 


*. 
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Engine  was  run  at  1450  r*p.m.  in  a  cooling  wind  of.  80 
miles  per  hour*  The  only  variable  was  the  spark  advance. 


Spark 

Advance 

degrees 

3  xr  p 

6  XI  r  X  * 

Gasoline  Consumption' 
in  lbs. per  B.H.P.-hr. 

Temperature  of  Center! 
of  Combustion  Head 
°C 

21 

3o;5 

0;515 

215 

26 

31:2 

0;498 

215 

30 

3i:-6 

0:492 

221 

i  36 

31:6 

0:492 

245 

40 

31.0 

0.500 

275 

L  — . 

When  the  spark  was  advanced  -  far  enough  to  cause  ’'pinlcing”, 
the  temperature  rose  appreciably. 

Table  giving-  results  of  tests  by  Dr.  Gibson  on  an  Hispano- 
Suiza  water-cooled  engine  with  aluminum  cylinders  and  steel 
liners  using  two  spark  plugs  to  a  cylinder.  • 


Cylinder  Temperatures 

. 1 

... 

Cylinder 

Ano  ther 

Cylinder  j 

1 ”  below 

3.3"  below 

1”  below 

3.3"  below 

Ignition 

upper  sur- 

upper  sur- 

upper  sur- 

upper  sur- 

face  of 

face  of 

face  of 

face  of 

piston 

piston 

piston 

piston 

Two  Spark  Plugs 

241  "C 

191°C 

182°C 

.13  8°  C 

One  Spark  Plug 

172°  C 

13  7°  C 

144°C 

11.4  °C 

Piston  temperature  was  85°  to  100°C  higher  than  that  of 
the  cylinder  barrel*  and  for  wall  tempera. tures  above  180°  Ch, 
piston  burning  occurred.  With ■ cast-iron  pistons  the  tempera¬ 
ture  may  be  from- 120°  to  180°  C.  higher  than  when  aluminum;, 
pistons  are  used.  .in  a  certain  engine  test  the  maximum 
temperature  of  the  aluminum  piston  was  240°  C.  while  with  a 
cast-iron  piston  it  was  400°  C;  the  cylinder-liner  temperature 
being  145°  C. 


» 
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Pressures  in  the  Cylinder 


Frequently  necessary  to  assume  or  predict  the • indicator 
diagram  which  a  n ew  design  of  an  engine  would  give,  in  order 
to  compute  the  piston  forces,  the  forces  on  the  pins  and  crank¬ 
shaft,  the  turning  moments,  etc. 

Several  methods  for  working-up. 

A  diagram  typical  of  good 
performance  for  a  four-cylinder 

automobile  engine  having- a 
compression  ratio  of  4.3. 


Pressure  Gage 


Correct  value  of-Mn"  difficult  to  obtain.  Values  sug¬ 
gested  qs  appropriate. 

For  compression  curve,  n  =  1.35 
For  expansion  curve,  n  =  1.3 

Curves  (Ricardo)  giving  compression  pressures  and  temp 
eratures  for  different  compression  ratios  estimated  for  the 
value  of  n  =  1,35.-  Pressure  at  end  of  the  suction  stroke 
was  taken  as  14.45.  Results  are 'probably- accurate  within 
2 %  of  a  normal  engine  speed  of  FL800  r.p.m. 


Comp. ’ 
Temp. 
°C 


1  ,  I 


< 
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Enrpirical  Relations  of  Pressure . 


Approximate  emperical  relationship.  Maximum  explosion 
pressure  is  3.5  to  4  times  the  compression  pressure.-  •  * 
Mean  effective  pressure  is  0.8  to  1.2  times  the  com¬ 
pression  pressure.  Relationships  are  very  approximate. 

Assumption  Indicator  Diagrams. 

Method  of  building-up  a  predicted  indicator  diagram 
from  -the  mean  effective  pressure.  The  M.3ET-.F.  is  either 
assumed  or  is  taken  from  test  data  on  similar  engines. 


•The -actual  indicator  diagram*  of  the  engine  must  then- 
give  a  m.e.p.  equal  to  this  value. 


4 


Procedure 


Area  of  the  indicator 
diagram  = 

A  =  area  1452  -  area  132. 

-  ?*Y4  -  Ms  „  Ma.:.?§Y§ 


n  - 

and  the 

M.E.P. 


n  -  1 


-  A 
v-V'v- 


where  k  is  a  constant  which  allows  for -the  rounding- off  of 
the  corners;  its  value  may  he  about  0,95. 


If  Pg  and  P^  are  known,  it  is  apparent  that  the  solu¬ 
tion  of  the  problem  involves  assuming  a  value  for  either  Pr: 
cr  P^yWhich  assumption  brings  us  back  to  the  original  condit¬ 
ions  . 


A  process  which  seems  as  direct  and  quite  as  instructive 
fs  to  proceed  with  an -assumed  value  for  P^  and  by  use  of  the 
planimeter  find  the  m.e.p,  of  the  diagram  that  has  been  drawn. 
Then  by  trial  and  error,  adjust  the  conditions  to  meet  the 
required  m.e.p.  Also,  under  this  method,  account  would  be  tak 
of  the  losses  due  to  suction  and  back-pressure. 


—  - 


1 


. 

. 
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Hanifcld  Pressures, 

Pressures  in  Inlet  Manifold.  Mean  pressure  during 
any  fixed  condition  of  running;  and  pressures  existing  at 
different  periods  during  a  complete  cycle,  •  •  .  .  •• 

Average  pressure  is  always  negative.  •  In  ordinary  auto¬ 
mobile  engine  4  pounds  may  exist  at  high  speeds;  low  volu¬ 
metric  efficiency  accompanies  such  high  suction.'  •  • 

Maximum  negative  pressure  is  dependent  on  design  of  car- 
bure  tor,  inlet  pipes  and  ports,  and  is  a  function  of  engine 

speed  and  valve  timing. 


Variation  of  suction  with  speed  is  shown  in  curve  of- 


mean  negative  pressures  at  dif¬ 
ferent  speeds  in  four-cylinder 
automobile  engine. 


400  800  -1200  1600  2000 

R.P.M.  ..  . 

Indicator  diagrams ■ from  induction  pipe  of  single- cylinder 


I  Inlet  Valve 


Inlet  Valve  .  . 

^  open-^  Speed,  1200  r.p.m. 


Crank  angles 


Crank  angles 


Effect  of  increased  speed  i  s  to  increase  amplitude  of 
pressure  variations. 


- 
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Curves  showing  variations 

of  pressure  with  four- 
Effect  of 

cylinder  engine./mul tipi i ca¬ 
tion  of  cylinders  is  to 
smooth- out  pressure  varia¬ 
tions;  more  uniform  suctions 
generally  occur  in  these 

cases.  Amplitude  of 

pressure  variations  also 
reduced.  Greater  frequency 
of  cycle  changes,-  the 
greater  the  frequency  the 
smaller  the  amount. 


^ith  four-cylinder  engine,  note  rise  of  pressure  in 
inlet  pipe  just  after  inlet  valve  opens,  -  due  chiefly  to  iner¬ 
tia  of  gases.  Pressure  rise  becomes  greater  the  longer  the 
inlet  pipe;  with  very  short  inlet  pipes,  no  rise  of  pressure 
above  atmospheric  occurs. 

Volumetric  efficiency  falls-off* a  little  more  rapidly 
than  does  mean  pressure  in  inlet  pipe. 


*  ;  .*  T  r*J  ! 
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Pressures  in  Exhaust  Manifold.  A  typical  curve  showing 


mean  exhaust-pressure  variation 
with  engine  speed  in  a  single¬ 
cylinder  engine. 

Curves  showing  the  variations 
of  exhaust  pressures  in  the  case 
of  the  sleeve-valve  engine  con¬ 
sidered  in  connection  with  the 


inlet  pressures. 


Exhaust  Vc.  1  "T  Exhaust  Valve 


Amplitude  of  pressure  variations  is  greatest  durinn  -period 
c;  exhaust-valve  opening,  and  just  before  the  valve  closes  there 

is  a  fairly  rapid  drop  of  pressure  below  atmospheric.  negative 
pressure  effect  due. to  inertia  of  the  rapidly  moving  exhaust  gase: 

Scavenging  action.  Length  of  exhaust  pipe  plays  an  inrocrt- 
ant  part  in  scavenging  effect.  There  is  a  certain  length  of  nine 
lcr  a  .given  epgine  which  will  give  pressiire  waves  in  resonance 
i tn  the  engine  speed. 
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Curves  showing  variation  of 


Prels* 
lbs ,/ ' 
sq. in. 


V Exhaust  Valv_£u 
V  Open 

i 
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pressure  in  exhaust  pipe  of 
f cur-cyl inder  engine. 

Period  of  surgings  smaller 
than  with  the  single-cylinder 
engine;  mean  height  of  the  curves 
increased  with  engine  speed. 
Nearly  perfect  resonance  effect 
at  speed  of  1240  r.p.m.  is 
noticeable. 

In  this  test  the  exhaust 
pipe  was  about  9  feet  in  length, 
and  v/as  provided  with  two  simple 


expansion  boxes  of  about  1  cu.ft.  capacity  each  placed  in  series 
near  the  outlet  end.  These  particulars  are  given  because  the 
design  of  the  silencer  and  the  dimensions  of  the  exhaust  piping 
have  a  large  influence  on  the  pressures.  By  experimenting  with 
various  sizes  and  lengths  of  exhaust  pipes,  it  is  frequently 
possible  to  improve  the  volumetric  ef f ic iency / and  the  power  output 
of  the  engine. 

Bffect  of  Uxhaust  Pressure  on  Power. 

Influence  of  exhaust  back- pressure  on  power  output  is 
of  much  importance,  and  is  a  question  which- is  involved  in  the 
design  of  the  exhaust  manifold  and  silencer.  Wi th  exhaust  pipe 
of  adequate  dimensions,  free  from  bends  a.nd  all  constrictions,  the 
engine  will  give  its  maximum  power.  If  the  flow  of  exhaust  gases 
is  restricted,  the  exhaust  back-pressure  will  rise,  and  its  effect 
is.  to  raise  the  exhaust  line  of  the  diagram,  which  reduces  its 

area  and  the  power  ouput,  If  the  throttling  effect  is  small,  the 
reduction  in  power  will  be  proportional  to  the  increase  of  the 
back  pressure;  but  as  the  throttling  effect  increases  the  reduction 
in  output  will  be  proporti onal  to  a  higher  power  of  the  back  pres¬ 
sure.  Also,  throttling  the  exhaust-gas  flow  increases  the  tempera¬ 
ture  of  the  gases  and  of  the  parts  in  contact  with  them  including 
cylinder  head  andwalls,-  a  falling-off  in  the  volumetric  efficiency. 
Confined  exhaust  gases  tend  to  expand  into  the  cylinder.  If  res- 
stricticns  and'  throttling  effects  are  excessive,  the  combined  ef¬ 
fect  of  pressure  rise,  temperature  increase,  and  exhaust-gas  ex¬ 
pansion  may  step  the  engine. 
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-  Practically  all  silencing  devices  introduce  some  resist¬ 
ance,  and  usually  result  in  increase  of  back-pressure  and  loss 
of  power,-  the  greater  the  degree  of  silencing  the  higher  the 
back-pressure  and  the  greater  the  power  loss,  •  • 

Results  of  Back-Pressure  Tests  ma.de  by  the  U.S.  Advisory 
Committee  for  Aeronautics  on  an  eight-cylinder  Curtiss  engine, 
cylinders  4"  bore  by  5"  stroke;  engine  rating,  70  H.P.  at  1200 
rpm. 

Curve • showing  relation  between  exhaust  back-pressure  and 
power  less. 


H.P,  ’ 


Up  to  about  5  or  6  inches  of  mercury  back-pressure,  power 
loss  is  practically  proportional  to  the  back-pressure,  thereafter 
the  power  loss  increases  at  a  more  rapid  rate.  At  a  back-pressure 
cf  12  ins,  of  mercury  the  loss  is  about  l/5  the  total  putput, 
ith  an  open  exhaust,  at  1230  r.p.m.  engine  gave  about  65  3, H.P. 

A  back-pressure  of  less  than  10  lbs.  per  sq.  in.  would  stop  the 
engine . 
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mercery) 


Results  show  that  for  back-pressures  up  to  2  or  3  lbs. 
per  sq.  in;  above  the  normal  open  exhaust  back-pressures j  the  loss 
in  brake  M.35.P.  does  net  exceed,  but  is  nearly  equal,  to,  the 
back-pressure.  The  curve. shows  that  the  back-pressure  varies 
as  the  1.5  power  of  the  B.H.P. 

Variation  of  Exhaust  Back- Pressure  with  Engine  Speed- is 
shewn  in  curve  of  results  of  tests  on  same  Curtiss  engine.  Curve 

shows  that, 
with  the  usual 
exhaust  manifold 
and  c  onne  c  1 1 ons , 
the  back-pressur 
rises  rapidly 
at  the  highest  • 
range  of  speeds. 
The  maximum 
back-pressure , 

nevertheless,  wa? 
less  than  0.5  lbs.  per  sq.  in.  with  an  open  exhaust  pipe, 

Vi th  an  ordinary  silencer -attached,  the  back-pressure  at  the 
normal ■ working  speed  of  1200  r.p.m.  would  be  about  1.5  to  2.5  lbs. 
per  sq.  in.;  and  for  a  very  efficiency  silencer,  the  back-pressure 
would  be  from  1  to  2  lbs,  per  sq,  in. 

The  corresponding'  back-pressures  at  different  engine  speeds 
with  the  exhaust  pipe  throttled  to  a  nearly  closed  position  is 

shown. 


It  was  noticed 
that  at  certain 
speeds  there  was  an 
abnormal  drop  in  th 
power  loss,  andthat 
this  effect  ceased 
for  small  changes  o 
speed  on  either  side 

of  this  critical 

speed.  Also,  th  a  t 

by  changing  the  ex¬ 
haust  manifold,  the 

,p  * 

critical  speed  eith 
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change  d.  The  abnormal  increase  of  power  less  was  probably  due  to 
reflected  wave  of  the  exhaust  gr,s  filling  the  combustion  chamber 
of  one  or  more  cylinders  just  before  the  exhaust  valve  closed* 

Effect  of  Exhaust  Pipes*  The  power  output  of  an  engine 
exhausting  straight  into  the  atmosphere  is  generally  less  than 
when  lengths  of  exhaust  pipes  are  used,  and  an  open  exhaust  pipe 
gives  mere  power  than  the  best  designed  silencer. 

Results  of  exhaust-pipe  tests  on  a  four-cylinder  engine  of 
4”  bore  by  5.5"  strehe. 


Engine  R.P.M. 

With  Silencer 

’’’itfaout 
Silencer  or 

Exhaust  Pipe 

' 

With  Exhaust 
Pipe  only 

TRP. 

1  H.P. 

.  H.P. 

500 

14*0 

14.25 

14.25 

750 

22.5 

23 . 5 

23.5 

1000 

28.5 

30.25 

30:5 

1250 

33.25 

36.5 

37.25 

1500 

36.0- 

40.5 

:  42.0 

1750 

I  36.75 

41.75 

44.5 

Results  show  that  the  power  output  with  the  exhaust  pipes 

only  was  more  at  all  speeds  than  without  the  exhaust  pipe  or  with 
the  silencer  attached. 

Silencer  Requirements.  The  principles  underlying  correct 
design  of  silencers  may  be  briefly  stated  as  follows: 

1.  A  good  silencer  should  give  the  maximum  reduction  of 
noise  with  the  least  relative  loss  of  power. 

2.  The  most  efficient  silencers  e.re  those  in  which  the 
volumetric  capacity  of  the  silencing  chamber  is  not 
less  than  0.008  cu.ft.  per  horsepower « 

3.  The  principle  of  cooling  the  gases  by  causing  them  to 
sweep  over  a  relatively  large  area  of  silencer  surface 
which  is  exposed  to  the  natural  air  draught  due  to  the 
motion  of  the  engine  through  the  air  appears  to  give 
good  results,-  reduction  of  volume  of  the  exhaust  gases 
by  cooling. 

4.  The  ex  ^ansicn  of  the  gases  from  the  combust ion -char  be r 
pressure  down  to  atmospheric  pressure  should  be  as 
gradual  as  possible,  and  the  design  of  the  silencer  shcu? 
aim  at  a  gradually  increasing  volume  from  the  manifold 

to  the  final  outlet. 


.  * 
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5„  The  use  of  baffle ' plates  and  gauzes  should  be  avoided 
as  for  as  possible  * 

6.  A  well-designed  silencer,  complete  with  the  exhaust 
pipes  (not  including  the  manifold)  should  not  weigh 
mere  than  about  1/4  pound  per  3.H.P. 


Results  of  test  on  automobile  silencers  by  Judge  showed 

that  it  was  possible  to  obtain  a  marked  reduction  in  exhaust 
noise  with  a  power  loss  varying  from  \%  at  two-thirds  full  speed 
up  to  about  5/o  at  highest  engine  speed.  P or  a  better  silencing 
effect  (such  as  is  used  in  best  automobile  practice)  there  was 
a  power  loss  varying  from  about  1.,  0%  at  two- thirds  full-speed 
up  to  about  1%  at  highest  engine  speed. 


iy 
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The  most  efficient  silencers  seem  to  be 
simple  construction  'with  liberal  channels 
gases,  tfith  baffles,  perforated  plates 
cleaning  has  to  be  considered. 


those  of  comparative- 
for  the  flew  of 
and  gauzes,  periodi- 


. 


* 


.  ,  *r 


.  • 


■ 


> 


73- 


Re  s  u 1 ts  c  f  Me  a sure me  n ts 


Aim  to  reduce  the  engine  losses 
minimum. 

Engine -rower  Losses  *  Re  1  a' t  i  ■ v  e 
and  Pump i ng  Losses. 


at  all  speeds  to  a 
value  of  Friction  Losses 


In  tests  on  a  Talbot  early  type  four-cylinder  automobile 
engine  the  friction  losses  were  about  75$  of  the  whole  loss, 
while  the  pumping  losses  were  about  25$.  In  tests  on  more 
recen  t  Daimler  engine,  the  friction  losses  were  82$  and  the 
pumping  losses  13$  of  the  whole.  With  modern  engines  of  high 
volumetric  efficiency,  the  pumping  losses  should  not  exceed 
12$  to  15$  of  the  whole  loss;  a  fair  value  is  12$. 


Frictional  Losses.  Besides  the  frictional  resistance  offered  to 

motion  by  the  various  working  parts,  there  are  other  losses 
such  as  churning  losses  in  the  crank  case,  valve- gear  losses, 
vibrational  and  -out- of -balance  effects,  etc.  The  power  used- 
up  in  driving  the  auxiliaries,  the  magneto  or  generator,  the 
water  circulating  pump,  the  oil  pump,  etc  ,  is  included  in 
the  mechanical  so-called  frictional  losses  of  the  engine  as  a 
whole.  All  these  losses  depend  somewhat  on  the  design  of  the 
•particular  engine,  including  the  weight,  the  material  used, 


means  of  lubrication*  etc, 

Piston  Friction.  Piston  friction  is  the  most  important 
of  all  frictional  losses';..  Rough  estimate  of  the  amount  of 
piston  friction  expressed-  as  horse-power  may  be  gained  by 
methods  that  are  approximate; -difficult  to  arrive  at  conclusive 
..results  by  analytical  methods. 

-  As  a  result  of  a  large  number  of  tests  made  to  determine 
both  the  cause  and  the  extent  of  piston  friction,  Ricardo  foum 
that  the  piston  friction  was  much  greater  than  that  of  an 
equivalent  bearing  surface  in  other  parts  of  the  engine  on 
account  of  the  fact  that  the  piston’s  motion  is  reciprocating 

and  not  continuous,  and  that  the  lubricating  oil  is  always  more 
or  less  contaminated  and  carbonized  and  of  reduced  viscosity. 


♦ 


•  :  ■ 

♦ 

* 

* 


. 


- 


a 


-74- 


12 


R,  P.M. 


The  curve  shows 

the  comparative  piston 

frictions  of  a  cast- 
iron  and  an  aluminum 

"slipper’1  piston* 


Results  of  Ricardo's  tests  on  a  gasoline  engine,  of  7  l/4,r 

here  by  8  l/2't  stroke,  piston  speed  1980  ft,  per  min.,  are  express¬ 
ed  in  the  curve. 


This  curve  shows  the  loss  due  to  piston  friction  alone  when 
working  over  its  appropriate  range  of  speed. 

Mechanical  Losses.  The  effect- of  sp^ed  on  friction  losses 
is  to  cause  an  increase  in  the  losses. 

Curve  representing  the  losses  at  different  speeds  in  a  four- 
cylinder  poppet-valve  automobile  engine. 
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Lie  ch  an  i  ca  1 
Leases 

H.P. 


ourT.  e  repiesen  u -.ng  the  losses  at  different  speeds  in  a  single 
cylinder  sleeve-valve  engine. 


Mechanical 
Losses  H.P, 
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Singl e- Gyl inder  Sleeve-Valve  Engine 

It  v.ill  he  seen  in  the  two  cases  that  the  mechanical  losses 

d°  L0t  Vary  directly  as  the  engine  speed,  but  as  some  higher  power 
~e  spsed.  This  power  index  is  approximately  1.5  to  2. 

The  tW0  curves  should  not  be  used  as  a  comparison  of  mechanical 
e_ / iciency  because  the  total  power  of  the  two  engines  is  quite 
different. 

It  should  be  mentioned  that  the  mechanical  losses  represented 
in  these  two  curves  include  the  pumping  losses. 
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Results,  of  tests  by  Hopkinsen  on  a  Daimler  engine  are 
here  given. 


He  ch , 
Losses , 

H.P* 


Curves  show  the  total -losses  for  two  different  tempera¬ 
tures  of  the  cooling  water.  The  dotted  curve,  P,  represents 
the  pumping  losses;  so,  the  difference  between  the  ordinates  of 
this  curve  and  the  other  two  curves  gives -the  mechanical  f  ric***-* 
tional  losses  at  the  corresponding  speeds. 

fyalysis  of  Frictional  Losses. 


Friction  loss  is  made-up  of  several  parts. 

Friction  losses  depend  on,- 

1.  Frictional  losses  due  to  the  static  pressure  of 
the  exploding  gases  (and  compressing). 

2.  Frictional  losses  due  to  rotating  parts. 

Losses  (l),  remain  constant  with  speed,  unless  mean  effective 
pressure  drops  with  speed,  then  these  losses  will  be  slightly 

lower. 

Losses  due  to  rotating  parts  depend  on  the  pressures  between 
these  parts;  losses  will  gc-up  in  proportion  to  speed. 

Power  required  to  drive  the ■ auxil iaiy  pumps  increase  at  a 
greater  rate  than  with  the  speed. 

Hopkinson • found  that  it  took  4,0  H.P.  to  drive  a  certain  en¬ 
gine  180  r.p.m.  with  the  valve  cape  removed,  that  about  2.6  H.P,, 
or  65%  of  the  whole  friction  loss,  was  due  to  the  piston  and 


. 
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crank-pin  friction,  -and.  that  about  1.4  H.P.,  or  35%  of  •  the- 
whole  friction  loss,  was  due  to  the  main  hearings,  valve-gear 
and.  miner  sources, 

Results  of  measurements  of  the  power  to  drive  the  various 
auxiliaries  as  made  by  Judge  are  given  in  the  table. 


Part  of  Engine 

H.P.  to  Drive 

Per-cent 

cf  whole 

’  '  .  . ’  | 

1 

Jhcle  engine  (caps  removed) 

8.8 

!  Magneto 

0i25 

2;  8 

|  Circulating  pump 

0:25 

2:8 

s Rump  and  magneto  skew  gearing 

0.40 

4:5 

j  Air  Pump 

i 

0:30 

3:4 

1.20 

13.6 

The  speed  of  the  engine  was  1000  r.p.m.;  and  the  tempera¬ 
ture  of  the  circulating  water  and  lubrication  were  kept  constant 
at  about  the  working  values. 


The  power  absorbed  by  the  auxiliary  parts  represents  about 
14 %  of  the  total  mechanical  friction  losses. 

The  power -required- to  drive  a  magneto  for  a  two-cylinder 

engine  at  different  speeds 
is  shown  in  the  table.  In 
this  case  the  magneto  speeds 
are  o  ne-half  the  engine 
spe  eds . 


Magneto  Speed 
in' R.p.M. 

Horse-power  to 
Drive 

700 

0.0269 

'800 

o;o362 

1,000 

0:0491 

1,200 

0i0668 

1,400 

0;0695 

1,600 

0:0794 

1,800 

©;0892 

2,000 

0.1000 

Ricardo  gives  the  following 
values  for  a  100  H.P.  six- 
cylinder  engine. 

Results  show- that  the 
frictional  losses,  exclusive 
of  piston  friction,  vary  from 
about  1.5  lbs.  per  sq.  in.  of 
mean  effect ive  -pressure  for  modern 


— 

lbs.  per  sq. in 

. -  pressure 

Bearing  Friction 

0;75  tc  1.00 

Valve  Gear 

0:75  to  0:80 

Magneto 

0.05  to  0.10 

Dil  Pump 

0.15  to  0.25 

Water  Pump 

0.30  to  0.50 

Total 

i  2. 00  to  2.65 

eight,  or  twelve  cylinder 
for  large  heavy  gas 
efficiency  aircraft 
per  sq.  in.  of  mean 


six 


aero-engines  up  tonover  3  lbs.  per  sq.  in. 
engines.  A  good  value  for  the  average  high 
or  automobile  engine  is  from  2.  to  2.5  lbs. 
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effective  pressure. 

Effect  cf  Temperature  of  Circulating  Water.  Seme  of  the 

frictional  losses  vary  with  the  cylinder-wall  temperature. 

Hopkinson  found  from e  xperiments  on  a  Daimler  engine  that 
with  the  circulating  water  at  a  temperature  cf  65°  F.  the 
frictional  losses  -were  4.0  H.P.  While  at  150°  F.  they  were  2.6 
H.P.  and  at  212°'F.‘they  were  only  2.0  H.P.  The  speed  in  each 
case  was  800  r.p.m.  and  the  total  output  was  16  H.P. 

Dr.  Watson  found  from  tests  on  a  sleeve-valve  engine  that 
the  B.H.P.  increased  rapidly  as  the  temperature  of  the -entering 
circulating  water  rose;  At  70°  P.  ,  the  B;H.P.  was  4.6,  while  at 
180°  y.  it  "became  5.95.  The  I. H.P.  was  8.1  and  remained  constant 
ever  the  range  of  temperature. 

Thewe  exam;  les  serve  to  show  that  the  temperature  cf  the 
lubricant  has;-  an  important  influence  on  the  frictional  resistance. 


The  Pumping  Losses. 


The  pumping  losses  include  the  work  done  by  the  engine  in 
inducing  thte  charge  into  the  cylinder  and  expelling  the  exhaust 
products  from  it.  The  "negative  workV  which  has  to  be  per¬ 
formed  in  the  tw©  strokes  is  represented  by  the  smaller  loop  cf 
the  indicator  diagram.  This  negative  work  is  usually  between 
10%  and  20%  cf  the  total  losses  between  the  indicated  and  brake 
horsepower  of  an  automobile  engine. 

The  pumping  losses  depend  on  the  inlet  and  exhaust  valve  lifts 
and  timing,  the  design  cf  the  induction  and  the  exhaust  ports  and 
passages,  the  design  of  the  carburetor  and  silencer,  etc.  V/hth 
well-designed  induction  passages  of  fair!}7-  short  length.  The 
loss  due  to  pumping  effects  may  be  assumed  to  be  proportional  to 
the  velocity  of  flow  of  the  gases  through  the  valves. 

The  curve  represents  the  pumping  losses  at  different  gas 
velocities  in  good  average  automobile  and  aircraft  engine  practic 
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Pressure 
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It  has  been  found  that  the  temperature  existing  within  the 
cylinder  has  an  influence  on  the  loss. 

The  pumping  losses  in  a  four-cylinder  engine  at  different 
speeds  as  obtained • from  measurements  of  indicator  diagrams  are 
shown  in  the  curve. 


Pumping 

losses 

H.P, 


Iron  j.n  Pressure  during  Suction  Stroke.  Effect  of  piston 
suction  in  drawing  the  charge  through  the  inlet  valve  is  to  cause 
a  drop  in  pressure  in  the  cylinder  due  to  the  increased  velocity 
of  the  mixture  through  the  valves.  In  good  engine  practice,  the 
velocity  of  the  charge  through  the  valves  is  never  less  than  100- 
ft.  per  sec.  in  order  to  obtain  proper  turbulence  and  combustion. 
Per  a' gas  velocity  of  100  ft,  per  sec.,  the  pressure  drop  may  vary 

from  0.3  to  0.4  lbs.  per  uq.  in.  for  no  induction  pipe  nor  car¬ 
buretor. 

In  order  to  reduce  the  pressure  drop  to  a  minimum,  the  valve 
ports  should  be  ample,  the  induction  pipe  short  and  as-  free  as 
possible  from  bends.  The  use  of  short  smooth  induct!  on  pipes 

and  overhead  valves  of  proper  area,  may  reduce  theepressure  drop 
through  the  inlet  pipe  and  valves  to  l/4  lbs.  per  sq.  in.  The 

area  of  the  suction  loop  will  depend  in  part  on  this  pressure  drop. 

The  total  pressure  drop  at  different  gas  velocities  for  a 
good  modern  engine  practice,  due  to  all  contributing  influences 
including  the  carburetor  is  shown  in  the  curve. 
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2.0 


Drop  in 
Pressure , 
lbs.  per 
sq, in. 

1. 


0,5 


50  100  -150  200  250- 

Gas  Velocity,  ft. per  eec. 

Iti-s  seen  that  the  losses  increase  with  increased  gas 
velocity.  This  also  follows  from  consideration  of  the  average 
pressures  existing  in  the  inlet  and  exhaust  pipes.  The  results 
of  measurements  of  the  negative  pressures-  in  the  inlet  manifold 
at  different  speeds  with  a  four-cylinder  automobile  engine  are 
shown  in  the  curve. 


0  400  800  1200  1600  2000 


The  values  are  higher  than 
would  he  anticipated  in  a  modern 
engine,  hut  they  serve  to  show, 
as  before,  that  the  suction  pres¬ 
sure  increased  fairly  rapidly 
with  speed.  In  the  case  of  the 
exhaust  gases,  the  hack-pressure 
also  increases • with  speed  in  a 
similar  manner. 


The  difference  between  the  inlet  and  exhaust  pressures  in¬ 
creases  very  appreciably  as  the  engine  speed  increases,  and  there¬ 
fore,  the  loop  of  negative  work  would  he  larger  at  the  higher 
speeds,-  increase  not  as  great  as  might  he  expected. 
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Ife chan  i cal  Efficiency 

i\f  .  B,  H ,  IP, 

he  chan  ical  Efficiency  =  _ _ _ _ 

(B.H.P. )  +  (Total  Engine  losses) 

Prom  theoretical  considerations  based  on. results  of  tests 

on  different  engines,  Professor  Callendar  concludes  that  the 
mechanical  efficiency  is  a- function  of  the  diameter  of  the  cylin¬ 
ders,-  the  larger  the  size,  the  higher  the  efficiency.  He  ex¬ 
presses  the  relation  as  follows: 


Mechanical  Efficiency  =  K  (l  -  -1-) 
m  *  13 

h  is  a  constant  which  varies  with  different  engine  designs.  Cal- 
len  er  proposes-  a  value  far  K  of  0,93.  It  is  certain  that 
mechanical  efficiencies  will  be  higher  for  modern  engines, 

A  modern  light  automobile  engine  2-5/8M  bore  by  4"  stroke 
gave  a  mechanical  efficiency  of-.  87. 5  %  at  1600  r.p.m,  and  89%  at 
1000  r.p.m.  An  engine  of  7”  bore  by  8"  stroke -gave  mechanical 
efficiencies  of  90%  and  93%  at  1600  and  1000  r.p.m.  respectively, 

■A  better  value  for  the  coefficient,  K,  would  be  from  0.97 
to  0.98  for  1000  r.p.m. 

The  mechanical  efficiency  cf  a  modern  meter- car  •  engine  varies 
from  about  87%  to  92%  for  speeds  from- 1000  to  1500  r,p.m.  and 
falls-off  to  about  78%  to  34%  for  the  higher  speeds  from  2500  to 
3000  r.p.m..  Much  depends  on  the  actual  design  cf  the  engine. 

Effect  of  Breed.  Since  mechanical  losses  increase  with  engine, 
speed  at  a  higher  rate  than'  the  speed,  the  mechanical  •  eff  ic  i ency 
will  progressively  fall  as  the  engine  speed  increases. 

The  following  curves  show  the  mechanical  efficiencies  of  a 
touring-car  engine  cf  an  earljr  type,  and  of  a  racing  engine  at 
different  speeds. 


Mechanical 
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Tff iciencies 
obtained  wi  th  the  • 
cf  modern  engines. 


fa_Ll-cff  as  the  speed  increases.  The  results 
racing  engine  represent  mere  nearly  the  case 


Results  cf  tests  made  hy  Ricardo  on  an  L-he"£d  engine 
2-3/4*  bore  by  4*  stroke.  — 


Friction 

H.P. 


Curve  A  is  for  the  engine  with  cast-iron  pistons.  Curve  B 
is  for  the  same  engine  with  aluminum  slipper  pistons  and.  a  newly, 
designed  cylinder  head  giving  greater  turbulence  and  compression. 

Horse  Power 

Factors  which  are  responsible  for  the  indicated  horsepower 

are  the  fuel  or  mixture,  and  the  design  of  the  combustion  chamber; 

also,  volumetric  and  thermal  efficiencjes  of  the  engine. 

The  I, H.P.  is  readily  determined  from  knowledge  cf  the  mean 

effective  pressure  and  the  engine  speed,  these  are  the  only 

variable  quantities  in  the  rational  formula 

pf  j)2  g  r .  p.m* 

I. H.P.  =  X  M 

33, coo 

where  M  is- the  number  of  cylinders  in  a  multi-cylinder  four- stroke 
cycle  Engine. 

M  therefore  follows  that,  for  a  given  cylinder  size,  the 
horsepower  can  be  increased,  only  by  working  the  engine  at  higher 
mean  effective  pressures  and  at  higher  number  cf  revolutions.  Pro¬ 
gress  in  power-output  has  been  due  largely  to  increase  of  these  tw< 
factors y 


. 
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The  manner  in  which  the  B.H.P*-  varies  with  engine  speed  in 
typical  airplane  engines  is  shewn  in  the  curves  cn  page  84, 

The  corresponding  torque-speed  curves  for  these  engines  were 
estimated  from  the  relation 

b.'h.p. 

Torque  =  5250  ------ 

r.p.m. 

The  torque  curves  are  useful  in  connection  with  propeller 
design.  Maximum  engine  torques  occur  at  rather  lower  speeds 
than  for  maximum 

The  dimensions  of  these  engines  are  as  fellows:  .  •  • 

A.  Liberty  400,  '  12-cyl.  5"  bore  by  7"  stroke,  1700  r.p.m; 

B.  Napier  Lien  400.  12-cyL.  5"  bore  by  5-l/S"  ,  2000  r.p.m. 

C.  Rolls-Royce  300  12-cyl.  4-l/2”  bore  by  6-l/2M  stroke,  1800 

r . p.m. 

Typical  power  and  torque  curves. are  also  given  for  motor 
car  and  light  car  engines  (Page  85). 

These  power  curves  have  same  general  characteristics  as  those 
for  the  airplane  engines. 

The  dimensions  of  these  engines  are  as  .follows.: 

A.  Calthcrpe  racer  4-cyl,  3-l/8"  bore  by  5-7/8”  stroke. 

BJ  Talbot  parracq  8-cyl. 

Ci  Mcline-Khight  4-cyl,  4W  bore  by  6”  stroke 

/D.  Pomeroy  4-cyl.  3-l/2w  bore  by  3-5/8”  stroke 

Morris  Oxford  • 

E,  Aluminum  Pistons  )4_Qyq#  "2-3/ 4  **  bore  by  4nB  stroke 

E.  Cast  Iren  Pistons)  J  . -  V.  . 

Brake  Mean  lEffective  Pressure.  Brake  m.e.p.. is  more  widely 

used  in  engine  comparisons  than  the  indicated .m« e*.p.  Measured 

B. H.P.  only  requires  to  be  divided  by  the-rip^m.  and  a  constant 
for  the  engine  size  ‘to  obtain  the  brake  m.e.p. 

Useful  form  for  this  relation, - 

B.H.P. 

Brake  m.e.p  =  792,000  - - - - 

-tf-  1?  (r.p.m.)  M 

...  ...  4 

Brake  m.e.p.=  Indicated  m.e.p.  X  mechaniaal  efficiency' 


. 
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Brake'' 

Horse¬ 

power 


Torque  in 
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I^ors_lnfluenc inp  Brake  m.e.p.  Brake  m.e.p.  is  not  constant 

for  any  or  every  engine  but  varies  between  about  70  and  130  lbs. 

per  sq.  in*  Its  actual  value  is  governed  by  the  following 
factors : 


i; 

s; 

3; 


5; 

6 . 


Compression  Ratio 

Engine  Speed 

Mixture  Strength 

Shaje  of  Combustion  Chamber 

Dimensions  of  the  Engine 

Volumetric  Efficiency 


Also  varf,  •  to  a  certain  -extent,  with  temperature  and 
density  of  admitted  air,  and  tempere,ture  of  cooling  water. 

M£!ect_  si  on Rati  c  General  effect  of  increas¬ 

ing  the  compression  ratio  is  to  increase  the  area  of  the  in¬ 
dicator  diagram,  and  the  mean  effective  pressure.  For  usual 
compression  ratios  in  me  tor-car • engines  of  3*5  to  5.5,  the 

corresponding  values  of  brake  m.e.p.  would  be  about  65  to  125 
lbs*  per  sq.  inch. 

Curve  showing  relation  between  compression  pressures  and 
brake  men  effective  pressures  at"d iff erent  speeds  in  the 
case  of  an  I -head  and  a  valve- in-head  four-cylinder -motor-car 
engine.  The  two  engines  had  same  compression  ratio;  4.8-and 
were  nearly  the  same  size,  bore  3-l/2*,  stroke  of  L-head, 
4-3/4",  stroke  of  I -head,  4-5/8"+. 


Brake. 

m.e.p, 

and  c  om- 
pressicn 
Pressures 
lbs./* 
sq, in. 


800 


1200  ^1600 

R.P.M* 


2000 


2400 


ihe  difference  in  the  values  of  the  brake*  ~ 

two  engines  is  chiefiv  rhio  +  ^  m.e.p,  for  the 

5  eb  lo  chiei  ly  -  due  to  the  difference  • 

■the  combustion  chamber,  signncf 
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Curve  shows  relation  "between  in.e.p,  and  compression  ratios. 


Compression  Ratio 


Curve  A  is  Ricardo's  Ideal  Indicated  in.e.p.  ,  Curve  B 
is  the  corresponding  brake  m.e.p, •  Gurve  C  gives  values  for 

brake  mVe.p.  proposed  by  Berriman,  and  represents  the  re¬ 
lation,-  brake  m.e.p.  -  20  X  ( compress  ion  r at io ) .  The  curve* 
appears  to  have  close  relationship  to  results  of  actual  tests. 

Effect  of  Engine  Speed.  -  Effect  of  increase  in  engine  •  • 
speed,  up  to  a  certain  point,  is. to  increase  the  brake  m.e.p., 

beyond  which  point  the  brake  m.e.p.  diminishes. 

Effect  of  increasing  the  engine  speed  beyond  a  certain 
•point  is  to  reduce  the  mechanical  efficiency  because  of  higher 
engine  losses,  and  to  bring-in  excessive  stresses*  Eor  a 
particular  engine,  there  is  a  limiting  speed  which  is  dependent 
on  the  factors  of  safety  used  in  the  design. 

Reason  for  the  increase  in  the  brake  m.e.p.  with  speed  is 
because  a  greater  amount  of  charge  is  admitted  as.  the  throttle 
is  opened,  and  the  relatively  1 ower  cooling  losses  at  the  more 
appropriate  engine  speeds.  Beyond  certain  point,  the  effect  of 
increasing  the  speed  is  to  lower  the  volumetric  efficiency,  and 
also  to  reduce  the  mechanical  efficiency  at  a  greater  rate  than 
at  lower  speeds.  Extremely  high  engine  speeds  are  usually 
accompanied  by  higher  working  temperatures,  so  that  the  cooling 
losses  are  larger. 

Curves  are  shown  for  water-cooled  aircraft  engines,  in  the 
design  of  which  the  maximum  power  output  for  a  given  cylinder 
capacity  or  weight  was  aimed-at. 
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Brake  mean  effec¬ 
tive  pressures  are 
appreciably  higher 
than  these- earlier 
attempted, -  maximum • 
about  114  to  126  lbs* 
per  sq.  in.  Maximum 
values  for  the  Benz, 
and  Mercedes  engines 
(6-cylinder,  vertical - 
type)  occur  at  about 

1100  r.p.m.  The  Liber 
gives  its  maximum  brak 
m. ep.  /  aibcut1  1200  r.p.m 
the  Rolls-Royce  and 
Napier -from  1600  to 
1800  r.p.m. 


Curves  are  also  shown  for  motor-car  engines  fairly  typical  of 
present  practice. 


Brake ' 

m.  e ,p. 


Modern  automobile  engine  progress  appears  to  be  following 
lines  of  development • of  the  aircraft  engines,-  that  is  toward 
higher  mean  effective  pressures  and  engine  speeds. 

Piston  •  Sneeds .  With  the  aircraft  engines,  maximum  values  for 
brake  m*e.p.  are  developed  at  piston  speeds  from  1200  to  1500 -ft. 
per  min.  In  modern  motor-car  engines  the  maximum  brake  m.e.p.  is 
reached  at  piston  speeds  from  1200  to  1800  ft.  per  min.  C-ain  in  pi 
ton  speed  is  largely  due  to  improved  design, .materials  and 
lubrication. 
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Effect  of  Mixture  Strength.  Manner  in  which  mean  effective 
pressure  varies  with  mixture  strengths  is  shown  in  the  curve, 
full  line  represents  results  cf  test  by  Mr.  Watson  on  a  f cur-cylinue v 
mctcr-car  engine,  -dotted  line  gives  results  of  experiments  on  a 
sleeve-valve  engine. 


Ratios,  air  :  gas 


With  weak  mixtures, 
mean  effective  pressures  are 
low;  as  the  mixture  is  en¬ 
riched,  the  m.e.p.  rises 
and  reaches  a  maximum  for  a 
mixture  strength  richer  than 
that  for  perfect  combustion 
(14.7).  It  is  possible 
that  richer  mixtures  supplied 
by  carburetor  are  necessary 


to  counteract  the  effects  of  the  exhaust  *  dilution.  Mixtures  which 
give  the  maximum  power  are  rich  mixtures. 


— 
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weight  of  Engines 


In  airplane  of  light  motor-car  engine  practice,  minimum 
weight  for  a  given  power  output  is  of  vital  importance. 

weight  per  horse  power  of  modern  engines  has  "been  con¬ 
siderably  reduced.  Chief  saving  in  weight  is  due  to  better  de¬ 
sign  and  the  use  of  better  materials. 

Importance  of  minimum  weight  per  H.P.  in  aircraft  engines 
has  resulted  in  the  evolution  of  very  light  engines  of  all  types. 

Chart  illustrating  progress  of  aircraft  engine-weight  econ¬ 
omy  from  1914  to  1919-  for  both  water-cooled  and  air-cooled  en¬ 


gines. 


Year 

A  set  of  curves  somewhat  similar  to  the  preceding  chart, 
which  was  issued  by  the  U.S.  Advisory  Committee  for  Aeronautics 
illustrates  the  development  of  aircraft  engines  from  the  time  of 
the  Wright  Bros1  12 -H.P.  engine  weighing  152  lbs.  (or  12.7  lbs. 
per  H.P.)  in  1903  down  to  the  Liberty  12-cylinder  engine  of  450 


Brahe 

H.P. 
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Aircraft  Engine -Weight. 

The  .table  (page  91)  gives  particulars  of  weights  of 
modern  aircraft  engines  in  the  Mdrystate”,  that  is,  the 
engine  complete  with  magneto,  and  carburetors,  hut  without 
water,  fuel  or  oil. 

If.it  is  necessary  to .take  the  weight  of  the  fuel  into 

account,  an  allowance  of  0.6  to  0.7  lbs.  per  H.P-.-hr-.  should 
be  made  in  the  ca.se  of  rotary  air-cooled  engines; -0.5  to-O.S 
lbs.  per  H.P.-hr  -for  static  radial  engines;  and  0.5  to  O.G 
for  water-cooled  engines. 

. .  Most  of -the  larger  sizes  of  water-cooled  engines,  from 

300  to  600  B.H.P.,  show  gasol ine  consumptions  of  from  0.49 
to  0,51  lbs.  per  H.P.  •  . 

•  • "The -oil  consumptions  vary  from  0.10  to  0.14  lbs.  per 
H.P. -hr., -in  the  case  of  rotary  engines,  down  to. 0.03  to 
■  0.Q4  lbs.  per  H.P.-hr.  for  water-cooled  engines,  The  larg¬ 
er  water-cooled  engines  of  3 SO  to  600  H.P.,  show  oil  con¬ 

sumptions  of  from  0,025  to  *0.03  0  lbs.  per -H.P.  hr.  Static 
radial  engines  vary  from  0.05  to  0.08  lbs.  per  H.P.-hr, 

The  •  weight  allowance  for  radiators  varies'  from  about 
0,15  to  0.-40  lbs.  per  H.P.,  according  to  the  class  of  machirv 
the  smaller-  va[  ue  being  appropriate  for  fast  scout  and  two- 
seater -machines,  with  efficient  radist  crs  in  the  slip¬ 
stream,  and  the  larger  value  for  slower  machines  of  smaller 
horsepower.  Per  machines  of  less  than  100  h.p.,  the  radio. 
tor  weights  vary  from  0.4  to  0,7  lbs.  per  H.P. 

The  weight  of  cooling  water  carried  in  the  cooling 
systems  varies  from  0.10  to  0.25  lbs.  per  H.P.  in  the  case 
of  .fast  scouts  with  maximum  speeds  fcj  120  to  160  miles  per 
hr.,  and.  from  0.40  to  0,50  lbs.  per  H.P,  for  slower  machines 
(80  to  IOC  miles  per  hr.)  of  lower  horsepowers. 

A  good  approximate • value  for  normal  water-cooled 
engines  of  250  to  450  B;H.P.,-for  the  combined  radiator 
and  water  weights,  is  0.6  lbs.' per  H.P. 
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Recent  weight  reduction  in  aeroplane  engines  has  been 
small,  -  power  units  designed  more  for  endurance  and 
long  life  than  for  minimum  weight  alone. 

Weight  Economy  and  Engine  Size.  For  engines  of  a 
given  type,  the  larger  sizes  are  the  lightest  J  H.P* 

due  to  many  factors,  such -as  the  multiplicity  of  cylinders, 
reduced  crankshaft  length,  constant  accessory  weight, etc. 

•In  the  case  of  the  Gnome  series  of  engines,  the 
50  h.p.  type  weighed. 3. 4  lbs.  per  H.P.,  whereas  the  160- 
h.p.  type  weighed  1.95  lbs.  per  H.P. 

Again*  in  the  case  of -the  statis  radial -Anzani  engines, 
the- 25  h.p.  type  weighed  4.72,  and  the  200  h,p.  type  3.4 
lbs .  pe  r  H.P*  .  . 

Graphical  method  of  illustrating  reduction  of  weight 
per  H.P.  . 

Analysis  of  Aircraft  Engine  Weights.  Component 
weights  of  several  aircraft  engines  of  recognized . design 
are  given,  so  that  the  distribution  of  the  weight  and 
the  individual  weight  data  may.be  examined  in  detail* 

Weight  data  for  a  230  fupi  six-cylinder  vertical  - 
wat er- co oled  engine  of  145-m.jp.bo re  and  190  m.m.  stroke 
giving  its  rated  H.P.  at  1,400  r.p.m.  is  shown  in  the  table. 


Compression  r at io  4.91,  giving  brake  m. 

e.p.  o 

f  113 

lbs.  per  sq.  in. 

Weight  of  dry  engine,  less  exhaust  pipes 

850 

lbs. 

Weight  per  B.H.P. 

3  ^  68 

If 

Weight  of  wafer  cafried 

30.9 

II 

Weight  of  radiators,  empty 

136 

W 

Weight  of  gasoline  used  per  hour 

135 

It 

Weight  of  oil  used  per  hour 

5.06 

It 

Gross  weight  of  engine  in  running  order, 
less  fuel  and  oil 

996 

II 

per.  B.H.P. 

4.33 

tt 

Gross  engine  weight,  with  fuel  and  oil 

for  6  hours 

1,921 

It 

per  B.H.P* 

8.35 

tt 

. 


r  t 

“  ...  •  . . * 
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Component  and  Percentage  Weights  for  230 

H.P.  Aircraft  Engine 

We  ight 
in  lbs. 

Percent¬ 
age  of 
Total  Wt„ 

Cylinders,  complete,  including  supports  for 
rocker  levers  (6  @  7.62  lbs.  each) 

265.5 

30.753 

Pisbcns  complete  with  rings  and  wrist  pins 

(6  @  7.62  lbs.  each) 

45'.  72 

5:296 

Connecting  reds  complete  (6  ©  7,l3“lbs.  each) 

42:78 

4:955 

Valves  and  springs  complete  (24  3  4*14  lbs. each)  27.36 

3.169 

Tappets,  push  rods,  e.nd  rocker  levers  (12  sets 

C  3,2  lbs .  each) 

38:4 

4M47 

Induction  pipes  complete  (2  ©'2.625  lbs.  each) 

5:25 

;608 

Carburetters  complete  (2  ©6.54  lbs.  each) 

13 .08 

11515 

Crank  chamber,  top  half 

103.25 

11,959 

Crank  chamber  bottom  half  (including  cylr. 

studs  and  oil  pump  shaft) 

110.25 

i2;r? 

Crankshaft  complete 

109.25 

12:68 

Propeller ' Bess  complete 

19.32 

2.236 

Camshafts,  complete  with  bearings,  less  gear 

wheels  (2  3  8.25  lbs.  each) 

16 ;  5 

i;912 

Magnetos  complete  (2  ©  10,75  lbs.  each) 

21;  5 

2.490 

Tgniticn  wiring  complete  (2  @  2,12  lbs.  each) 

4:24 

1491 

ater  pump  complete 

8:75 

1:013 

Oil  pump  complete 

2.89 

.335 

rascline  pump  complete 

6.75 

;782 

chaus t  manifold 

15' 

1.737 

iacel lanecus  pa  rts 

-  7:53 

.872 

Total  weight  of  engine 

863 .32 

100 

With  another  ax  cylinder  engine  of  180  h.p.,  water-cooled, 
the  weight  cf  base  cylinders  expressed  as  a  percentage  cf  the 
total  was  17-  5;  that  of  the  pistons  complete  with  rings  and 
wrist  pins,  6.23;  the  connecting  reds,  complete  with  bushirgs, 
4.55;  the  crankshaft,  10.60;  the  camshaft,  1 , 17 ;• top-half  cf 
crank-case;  10.92;  bottom  half  of  crank  case,  15.16; -dual  car¬ 
buretor,  2.54;  water- pump,  1.17;  magneto  (two),  4.25;  and  the 
twelve  valves,  complete  with  springs,  etc.,  4.55  percent. 
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Table  5. — Weights  in  Pounds  of  Engine  Parts 
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The  table  on  page  95  gives  weights  of  engine  parts  of 
the  principal  'American  and  fc reign . airplane  engines. 

The  data  in  the  two  following  tables  show  that  for  engines 

of  the  same  horsepower  the  rotary  and  static  radial  air-cooled 
engines  are  the  lightest.  •  . 

For  example,  the  -170  h.p.  -A  B-C  "Wasp"  weighs  only  1.53 
lbs.  per  H.P,;  the  200  B.R.2  engine,  2+Q  lbs.  per  H.P.;  and  the 
450  h. p.  "Cosmos"  engine,  only  1.47  lbs.  per  H.P. 

The  160  Beardmore  water-cooled  engine  weighs  3  *3  lbs. 
per.  H.P.  j  the  160  Mercedes,  3.86  lbs.  per  H.P.;  the  600  h.p.  Fiat, 

2.36  -lbs.  per  H.P. ;  the  400 -Liberty,  2.0  lbs,  per  H.P.;  and  the  350 
Rolls-Royce,  a^bcut  2.6  lbs.  per  H.P.  .  • 

In  the  larger  sizes  above  300  h.p.  there  is  not  much 
difference  between  the  air-cooled  and  water-cooled  engine  weights, 
although  the  air-cooled  weights,  on  the  average  of  present-day  prac¬ 
tice,  *  shew  an  advantage  of  about  5  to  8  per  cent  for  engines  up  to 
500  h.p,  '  .  . 

The  total  weight  of  engine,  oil,  and  fuel' for  a  given  - 
number  of  hours’  flight  maybe  the  best  criterion,  -man  advantage 
in  dil  and  fuel  economy  may  in  long  flights  quite  outweigh  an  initial 
dry-engine  weight  excess.  • 

The  following  table  illustrates  this  point  in  air-cooled 
and-water-cccled  engines  of  about  the  same  approximate  horsepower. 


Type  of  Engine 

b.h.p. ■ 

Weight 

lbs. 

Oil 

t>er  hr, 
lbs. 

Gas  o  — 
line 
per  hr,- 
lbs , 

Tot  al 

* 

Wet-Weight  in  Lbs. 

1  hrs 
fit. 

3  hrs 
fit. 

6  hrs  \ 
fit. 

10  hrs 
fit. 

Air-cooled 

,450 

680 

24.5 

270 

1004 

1651 

2622 

3920 

static 

450  Liberty, 

450 

835 

13  .o 

204 

1326 

1805 

2522 

3475 

water-cooled 

^  *  -  -  a  - 

•  • 

Air-cooled ’ 

■  •  - 

•-  . 

* 

• 

rotary  B.R. 2 

230 

500 

20.5 

155 

694 

Il078 

1657 

2430 

Rolls-Royce 

•  • 

•  .  - . 

.... 

water-cooled 

275 

715 

8.00 

132 

1054 

p1 

1822 

2430 

5 


' 

ft 

. 


’ 


•  * 


- 


. 


. 
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In  connection  with  the  last  two  engines  in  the  table,  it 
will -he  noticed  that  the  engines  are  not  the  same  horsepower  sc 
that,  if  the  relative  weights  per  horsepower  are  considered, 
the  waterccoled  type  is  appreciably  the  better  for  the  longer 
flights,  as  the  following  results  show. 


Engine 

B.H.P. 

wWetMWe  ight 

To+ol  _ _ 

in  lbs. 

■for  flight  cf 

> 

B.H.P 

9 

* '  •  - 

1  hour 

i 

3  hours 

6  hours 

10  hours 

Air-cccl ed  * 

:  230 

3.05 

4.68 

7.20 

10.58 

ro  tary,B,R.,2 

. 

Rolls-Royce 

275 

3  h  84 

4.95 

6,64 

-  8.84 

water-cooled 

1 

i 

7 

It  is  apparent  that  the  water-cooled  engine,  with  its 
bet-ter  fuel  and  oil  economy,  and  its  greater  endurance  Is  the 
more  suitable  for  long-distance  flights. 


Minimum  Height  rer  Horsepower,  To  obtain  minimum  weight 

per  horsepower,  the-  engine  must  have  minimum  weight  per  cu.ft, 
cf  -piston  di  splacemen  t  .per  revolution,  and  must  operate  with 
maximum  power  per  cu,  ft.  cf  cylinder  volume. 

This  demands  a  combination  cf  the  maximum  attainable  mean 
effective  pressure • w ith  high  engine-speed.  Limiting  speed  of 
falling --off  of  m,e,p,  should  be  made  as  high  as  possible-.  Large 
valve  openings  and  short  inlet  and  exhaust  pipes  of  ample  size 
are  needed. 

The  airplane  engine,  must  be  multi-cylindered. 

Weight  of  the  engine  per  cylinder  diminishes  with  increase 
cf  number  of  cylinders  in  line. 

A  saving  in  the  weight  of  the  crank  shaft  and  crankcase  is 
gained  through  tlx  use  of  the  V  or  W  arrangement  of  cylinders; 
and  a  still  further  saving  by  the  adoption  of  the  radial  arrange¬ 
ment. 

Weight  increases  with  increase  cf  1  ength  of  stroke. 


'  :  I 


- 


'* 


.. 


•  ■  * 
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Weight  of  the  engine  per  cu.ft.  of  piston  displacement  per 

revolution  •  is  a  function  cf  the  ratio  5f  length  of  connecting-rod 

to  stroke,-  the  shorter  the  connecting  red  the  less  the  overall 
dimensions  and  weight  of  the  engine. .  The  objections  to  a  short 

connecting  red  have  been  pointed  out. 

The  weight  per  cu.  in.  of  piston  displacement  per  stroke 
is  a  measure  of  the  success  of  the  designer  in  keeping-down 
weight. 
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Careful  theoretical  study  of  both  the  mechanical  and  thermo¬ 
dynamic  problems  involved,  and  intensive  research  have  resulted 
in  the  production  of  light  high-speed  engines  which,  besides  giving 
an  almost  incredible  power  output  for  their  size  and -weight,  show 
as  high  efficiencies  as  the  largest  slow-speed  types.  The  basic 
principles,  both  mechanical  and  thermodynamic,  upon  which  the  per¬ 
formance  of  the  engine  depends,  have  been  investigated  in  so  com¬ 
plete  and  comprehensive  a  manner  that  the  performance  of  an  engine 
can  be  predicted  with  considerable  accuracy  from  a  study  of  the 
design;  or  an  engine  can  be  designed  to  fulfill  any  specific  re¬ 
quirement  as  to  power  output  or  efficiency  with  considerable  pre¬ 
cision. 


In  the  design  of  an  airplane  engine  thd: aesthetic  side  must 
not  be  overlooked.  Beauty  of  form  and  of  proportion  is  a  guide  to 
mechanical  correctness;  the  appeal  of  a  design  to  the  aesthetic 
cense  is  frequently  as  reliable  a  guide  as  is  a  mechanical  analysis 
of  its  mechanical  features. 


Prevalent  but  quite  erroneous  belief  that  the  reliability  and 
the  efficiency  of  an  engine  are  to  a-  great  extent  a.  function  of  the 
actual  number  of  parts  that  the  engine  contains,-  a  great  fallacy. 
While  the  number  of  pa.rts  should  be  kept  down  to  a  minimum  compati¬ 
ble  with  e f f iciency  and  mechanical  correetness,  the  reduction  of 
number  of  parts  can  be  easily  overdone.  Fewness  of  parts  too  often 
denotes  excess  of  compromise.  All  design  must  be  based  on  compro¬ 
mise,  and  it  is  upon  the  soundness  of  judgment  by  which  the 
compromise  is  arrived-at  that  the  success  of  the  engine  ultimately 
depends. 


Illustrations:  Use  of  universal  joints;  and  duplication  of 

exhaust  valves. 

Designer  has  to  decide  whether  he  will  risk  a  simple  expedient 
or  resort  to  a  more  complicated  construction.  It  is  better  to  use 
twenty  parts  if  needed  to  comply  with  the  laws  of  sound  mechanics 
whan  to  defy  these  lav/s  by  the  use  of  a  single  part.  The  aero¬ 
engine  which, during  the. war,  was  capable  of  running  for  the  longest 


period  without  overhaul,  contained  at  least 
any  other  engine  in  the  service.  That  incr 
necessarily  involves  increased  maintenance 


50%  more  parts 
eased  number ■ of 

is  a  fallacy. 


than 
pa  rt  3 

Fewness 
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cf  parts  may  reduce  manufacturing  costs  a  small  extent;  the 
amount  of  fitting  wor t  may  be  universely  proportional  to  the 
number  cf  parts,  and  fitting  work  is  very  expensive.  With  well- 
thought-out  design  and  accurate  machine  work,  it  should  be  pos¬ 
sible  to  eliminate  hand-fitting  almost  entirely*  Hand-fitting 
is  most  effective  barrier  to  interchangeability. 

Highly  specialized  materials  are  not  generally -necessary,  except 
in  especially  closely  limited  cases* 

Extreme  rigidity  is  a  prime  necessity  in  high-speed  engine  design. 

Classification  of  Engine  Parts 

(1)  The  Power  Sj^stem 

(2)  The  Fuel  and  Carbureting  System 

(3)  The  Ignition  System 

(4 |  The  Lubrication  System 

(5)  The  Cooling  System* 

Successful  operation  of  an  engine  depends  on  these  systems  working 
well  together. 

Power  System*  The  harnessing  of  the  power  generated  and 
delivering  it  in  useful  form;  function  of  engine  parts  must  be 
performed  exactly  on  time,  valve  design  and  timing  important.  One 
half  the  number  of  cylinders  represents  the  number  of  cycles  com¬ 
pleted  and  the  number  of  power  impulses  per  revolution.  Mere  even 
flow  of  power  as  humber  of  cylinders  is  increased.  RapoLdity  with 
which  events  cf  cycle  take-place. 

Illustrations  of  distribution  of  power, 

Engine  must  withstand  severe  shocks;  parts  work  under  high 
temperatures,-  importance  of  correct  design,  choice  of  materials, 
treatment  o' f  materials,  workmanship. 

The  general  design  of  the  engine  and  thie  various  parts  will 
be  taken-up  later. 

The  Fuel  and  Carbureting  System.  Fuel  supply  with  its  con¬ 
trols  forms  vital  part  cf  the  machinel  must  be  designed  to  meet 
requirements  cf  the  particular  fuel  used. 

Supply -tanks ,  piping,  pumps,  valves,  strainers,  joints  and 
fittings  require  proper  consideration  to  ensure  good  operation. 
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Requirements  cf  the  fuel  system  are  given  in  ’’Handbook  of 
Instructions  for  Airplane  Designers”  prepared  by  the  Engineering 
Division  of  the  U.  S.  Air  Service.  • 

Carburet ion  taken  up  next  term* 

The  Ignition  System  ( TeJcen  next  term)  . 

The  Lubrication  System.  Internal -combust  ion  engine  most 
difficult  to  lubricate  because  of  exposure  of  lubricated  surfaces 
to  high  temperatures;  lubrication  has  to  be  maintained  under 
severe  conditions. 

Oils.  Choice  cf  best  oil  difficult.  To  maintain  proper 
film  between  the  surface  the  oil  must  be  of  correct  body  and 
character  to  meet  the  lubricating  requirements,  end  of  correct 
quality  to  withstand  the  high  temperature.  Dull  power  not  se¬ 
cured  unless  a  piston  seed  is  maintained.  Many  engine  tfebubles 
due  to  faulty  lubrication;  worn  *  bearings ,  sccrddcyl  indents,  car¬ 
bon  deposit,  excessive  quantity*  \ 

If  oil  is  correct  for  the  engine,  there  will  result  -  l>q^s 
frequent  repairs,  full  power,  saving  of  gasoline  and  oil,'^3DE&. 
carbon  deposit.  Oil  problem  most  difficult  for  exact  solution. 

Physical  tests  give  an  index  to  certain  properties,-  ”vis- 
cosity”  test  gives  some  idea  of  the  bo d.y  and  tendency  to  resist 
flowing;  "flash  and  fire”  test  give  some  idea  of  suitability  Her 
known  temperature;  ’’cold”  or  '’pour'1  test  shows  lowest  temperature 
of  flowing.  These  tests  da  not  determine  the  efficiency  of  an 
oil.  Best  solution  of  problem  through  practical  experience. 

Lubrication  requirements  cf  different  engines  differ  widely* 

The  following  factors  should  be  considered.;  type  of  engine;,  size; 
valve  construction;  piston  rings  and  fit;  piston  design  and 
material,  clearance?  cooling  system,  air  or  water;  speed;  and 
climatic  conditions.  Ho  one  oil  will  correctly  lubricate  all 
engines . 

Correct  lubricant  for  a  given  engine  should  be  an  eil,- 
of  highest  lubricant ing  efficiency,  whose  body  and  viscosity  are 
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best  suited,  of  sufficient  body  and  heat-test  to  retain  the 
oil  film,  of  sufficient  body  to  resist  squeezing-cut. 

Reasons  for  using  oils  of  greater  fluidity  in  cold  weather, - 
greater  ease  in  starting;  suitable  for  certain  types'  of  pump 
and  pump  locations  and  exposed  piping 

T/hen  oils  of  great  -  fluidity  are  not  necessary,  oil  of  less 
fluidity  should  be  used,-  former  is  limited  in  lubricating 
qualities. 

Draining-off  used  oil  and  replacing  fresh  oil  is  an  im¬ 
portant  detail  in  efficient  operation.  Oil  becomes  thinned- 
down  in  use,  and  its  lubricating  efficiency  is  impaired.  Usual^ 
changed  after  five  to  twenty  hours  of  flight.  Used  oil  can  be 

reclaimed.  Increased  trouble  in  recent  years  due  to  character 
of  gasoline;  probability  of  gasoline  in  liquid  form  being  drawn 
into  cylinder.  .Amount  of  gasoline  which  mixes  with  this  lubrica¬ 
ting  oil  depends  somewhat  on  the  correctness  of  the  oil. 
t^hen  gasoline  mixes  with  the  oil  there  results: 

^n  inefficient  piston  seal  with  consequent  high  consump¬ 
tion  of  gasoline  and  oil,  and  less  of  power; 

Premature  wear  of  cylinders,  pistons,  crank-shaft  bearings, 

and  other  parts; 

Excessive  carbon  deposit,  causing  pre- ignition ; 

Burned-cut  bearings; 

Low  compression; 

Excess ive  accumulation  of  carbon  sediment. 


To  overcome  such  c-cnd. iti on  it  is  important 

That  the  carburetor  choke-valve  be  used  wpafingly. 

That  during  cold  weather  a  means  be  provided  to  enable 

r-n,e  +  e+v^ne  uC  cPera^'e  a  higher  temperature, 
ihat  the  used  oil  be  frequently  drained-off  and  re¬ 
plenished  with  fuel  oil; 

That  the  correct  oil  be  used, 


Carbonization.  Rapid  carbonization  results  from  use  of 
poorly  refined -oils  of  inferior  quality  or  oil  of  incorrect  body 
and  volatility;  ahd  from  piston  leakage.  Rapidity  often-. 

enec.  through  carburetor  adjustment.  Commonly  called  carbon 
deposits  are  net  all  carbon.  Carbon  deposits  decrease  compres¬ 
sion  space;  promote  pre-ignitien. 

Carbon  deposit. may  be  due  to  quality  of  gasoline. 

Carbon  removal. 
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Oil  Used.  Mineral  oils  are  most  generally  used  on 
account  of  their  chemical  stability  which  renders -them  less 
prone  carbonization  or  gumming.  They  do  not,  however, 
possess  the  property  of  ''oilness”  to  same  extent  as  vegetable 
or  animal  oils. 

Chief  virtue  of  animal  and  vegetable  oils  lies  in  their  high 
’’oilness”  which -of  use  in  special  cases,  one  being  that  of  the 
rotating  engine. 

Their  defect  lies  in  their  instability  which  renders  them 
liable  to  become  gummy  and  acid  and  which  also  causes  them  to 
carbonize  more  rapidly  than  mineral  oils. 

Blended  oils  containing  a  small  percentage  of  oil  other 
than  mineral  are  fairly  -widely  used;* they  seem  to  be  desirable 
where  conditions  are  somewhat  severe. 

Other  factors  being  equal,  the  oil  which  gives  a  minimum 
rise  of  temperature  to  thee  bearings  is  the  best  to  use.  An 
oil  of  low  viscosity  causes  greater  friction  because  it  squeezes- 
out  easier;  an  oil  -of  higher  viscosity  results  in  increased 
fluid  friction.  The  friction  diminishes  as  the  thickness  of 


film  increases. 

One  of  the  most  troublesome  features  of  lubrication  is  the 
decrease  of  viscosity  with  rise  in  temperature. 

Standard  specifications  for  lubricating  oils  for  airplane 
engines  have  been  adopted  by  the  U.  S.  Army  and  Navy. 

Table  on  page  104  gives  the  properties  of  representative 
American  Lubricating  Oils  for  use  in  interna,!- combust! on  engines 
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Properties  of  IIepuksentativk  A \r  \  , 

for  Use  in  Internal  Comih-ktio.v  j  Vil  , 


Kind  of  oil 


Baunu* 

grav. 


Physical  propcrtii'-i 

Flash,  deg.  F. 


Vi 


Havoline: 
Light. . . . 
Medium. 
Heavy. . 


25.9 

25.0 

25.6 


Mobil  oil: 

“EM  Light . . 

“A”  Medium.. . 

“B”  Heavy.. . 

Arctic  Lt.  Med . 

Arctic  Medium . 

“BB”  Med.  Heavy.  . 


28.1 

21.8 

26.3 

23.3 
21.1 
25.8 


Monogram: 

Light . 

Medium. .  . 

Heavy . 

Ex.  Heavy. 


Perfection: 

“A”  Light... 
"B”  Medium. 
“C”  Heavy.. 


Socony : 

Zero . 

Pokirine  Heavy. 

Texaco: 

Light . 

Medium . 

Heavy . 


2-1.3 

25.4 


Veedol: 

Aero  No.  1 . 

Aero  No.  2 . 

Aero  No.  3 . 

Aero  No.  4 . 

•  Aero  No.  5 . 

Aero  No.  6 . . . .  v . . 

Zero  Heavy . 

Zero  Extra  Heavv 


21. 7 


24.7 

26.2 

26.1 


Wolf’s  Head: 

Heavy . 

No.  8.. ... 
Castor  oil .'. .  . 


28.6 
27 . 6 
15.0 


27.6 
26.0 
2S.9 

24.7 


29.1 

24.9 

29.3 


21.3 
20 . 9 

19.3 


26.2 

27.1 

26.3 

27.6 


Open 

cup 


Closed 

cup 


Deg.  4. 


burn  chill 


100' 

F. 


15o 

F. 


370 

380 

430 

33 

173 

Of  i 

385 

395 

450 

34 

237 

395 

410 

'  455 

46 

361 

370 

380 

420 

0 

167 

60 

1 1 

360 

360 

420 

■  24 

330 

97 

49 

500 

470 

580 

41 

1,640 

397 

122 

370 

380 

425 

6 

221 

74 

4  • » 

370 

585 

430 

•  8 

300 

87 

46 

460 

•  •  • 

540 

4B 

926 

. 

243 

86 

360 

360 

410 

20 

140. 

60 

41 

375 

370 

430 

23 

289 

95 

50 

430 

445 

505 

34 

340 

.  108 

55 

465 

425 

535 

58 

1,583 

356 

no 

400 

410 

470 

26 

1S1 

71  | 

45* 

390 

400 

450 

CO 

to 

'f 

243 

81 

47 

420 

430 

|  495 

40 

316 

103 

54 

395 

*, 

410 

470 

Si  at  0 

219 

77  ! 

46 

385 

380 

450 

35 

300 

103 

51 

335 

350 

340 

3S0 

Si  at  0 

205 

69 

42 

350 

400 

Si  at  0 

301 

85 

40 

356 

360 

420 

■ 

10 

495 

119 

51 

455 

450 

535 

39 

795 

212 

78 

450 

445 

530 

38 

814 

222 

SO 

435 

435 

520 

38 

517 

149 

03 

440 

430 

515 

34 

513 

151  ; 

64 

440 

450 

520 

28 

413  , 

135 

460  . 

460 

540 

27 

174 

134 

58 

410 

1  480 

33 

329 

107 

465 

.  .  . 

-.550 

44 

355 

111 

415 

475 

32 

334 

108 

485 

460 

550 

46 

1  ,  i'./O 

300 

1 00, 

. .  . 

•  *  • 
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The  Coding  System 

Heat  which  has  to  he  removed  from  the  cylinder  in  order  to 
keep  its  temperature  within  the  limit  which  permits  satisfactory 
operation  is  about  equalnto  the  heat  equivalent  of  the  work  done 
in  the  cylinder,  or  about  40  B.t.u.  per  brake  horse  power  per  minute. 
This  quantity  will  increase  or  decrease  with  change  in  operating 
conditions;  the  limits  are  between  30  and  60  B.t.u.  per  brake  horse 
power  per  minute.  .  . ..  . 

Air  Coding  System.  If  large  amount  of  radiating  surface  can 
be  created  by  use  of  fins  or  projecting  ribs,  continuous  running  of 
the  engine  is  secured  provided  a  sufficient  supply  of  cooling  air 
reaches  these  extended,  surfaces.  •  An  induced  flow  of  air  created  by 
mechanical  means  is  sometimes  needed  Air  cooling  without  artificial 
means  of  induced  flow  is  common  practice  with  rotating  engines.  Used 
almost  exclusively  in  rc tating  and  radial  engines.  In  vertical  or 
Vee  engines  with  several  cylinders  in  line,  the  cooling  problem  has 
been  met -by  use  of  mechanical  means  of  directing  the  air  to  the 
different  cylinders.  ■  With  the  rotating  and  radial  types  the  motion 
of  the  plane  and  the  engine  location  in  the  slip  stream  ensure  an 
adequate  flow  of  air  for  coding. 

Water  Cooling  System.  Water  cooling  is  the  general  method,  em¬ 
ployed  on  static  engines.  System  made  possible  by  circulating 
cooling  water  through  the  radiator  which  removes  the  greater  portion 
of  heat  given  to  the  water  by  the  cj^linders.  Engine  should  not 
operate  under  an  unfavorable  temperature.  There  should  be  a  correct 
balance  between  the  radia.tor  capacity  and  the  power  of  the  engine; 
the  cooling  system  is  a  vital  factor  in  the  efficiency  of  the  engine. 

Thermcsyphon  Action.  When  engine  is  hot,  some  circulation 
is  caused  by  thermosyphon  action;  force  which  promotes  this  circula¬ 
tion  is  small. 

To  assist  such  circulation,  a  pump  is  inserted  in  the  pipe  con¬ 
nection  between  the  radiator  and  the  inlet  to  the  jackets. 
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Tfith  the  pump  circulation,  circulation  is  positive  and  '  * 
is  established  immediately  on  starting  the  engine. 

For  the  purpose  of  increasing  engine  efficiency,  thermostats 
have  been  fitted  to  the  water  circulating  sjrstems  of  some  engines, 
which  block  the  circulation  of  the  water  to  the  radiator  and  by¬ 
pass  it  until  the  water  jackets  of  the  cylinders  have  attained  a 

predetermined  temperature.  .  • 

Jacket  water  is  usually  kept  at  as  high  a  temperature  as  the 
boiling  point  will  permit.  .  . 

Water  is  not  the  ideal  cooling  agenda  less  volatile  fluid 
would  permit  higher  cylinder  temperature.  Same  result  might  be 
obtained  by  closing  the  system  and  operating  under  pressure  but 
this  necessitates  heavier  material  for  the  radiator  and  increase 
in  weight.  •  ’  *' 

Air  Cooling  versus  Water  Cooling.  The  water-cooled  engine  has 
heavy  handicap  of  a  radiator,  and  water  connections,  involving 
additional  weight,  and  .greater  vulnerability.  Against  these  defects 
must  ibe  offset  a  large  advantage  on  score  of- reliability,  and  the 
ability  to  consume,  less  oil,  to  employ  a  higher  compression,  and 
therefore  to  obtain  a  lower  fuel  consumption.  The  radial  engine, 
by  reason  of  the  disposition  of-  'the  cylinders  and 'its-  relation  to 
the  slip  stream  offers  ideal -case  for  air-cooling. 

Water  coding  offers  two  advantages:  (1)  the  transmission  of 
heat  from  the  cylinder  is  mere  rapid  to  water  than  to  air,  arid  (2) 
the  ultimate 'Cooling  surface  in  the -radiator  can  be  "made  much  great¬ 
er  than  is  possible  at  the  cylinder.  Air  cooling  has  the  advantage 
of  reduced  total  v/eight  and  diminished  vulnerability.. 

By  water-cccling, it  is  possible  to  run  with  higher  speeds  and 
compression  r  at ic^than  are  practicable  with  air-cooled  cylinders. 

The  possible  increase  in  speed  and  ratio  of  compression  are  relative 
less  important  when  compared  with  performance  of  best  ^recent  con¬ 
structions  in  air-cooled  cylinders,  * 

*  -  •  With  water  cooling  it* is  possible  to  maintain  almost  any  de¬ 
sired  cylinder  temperature.  The  great  virtue  in  water- cooling 
appears  to  lie- not  so  much  in  the  fact  that  the  mean  temperature  of 
the  cylinder  can  be  kept  fairly  low,  but  rather  in  the'  fact  that 
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water  boils  at  a-  comparatively  low  temperature,  and  has  a  verybhigh 
latent  heat,  so  that  in  the  event  of  local  overheating  due  to  any 
cause,  the  water  will  boil  locally,  and  the  heat  abstraction  will 
be  intensified  to  an  enormous  extent.  In  the  air-cooled  engine 
the?re  is  no  such  advantage;  there  is  nothing  but  the  conductivity 
of  the  metal  to  ensure  against  the  development  of  hot  spots.  At 
best,  the  conductivity  of  any  metal  is  but  a  poor  substitute  for 
the  latent  heat  of  evaporation  of  water.  While  the  air-cooled 
cylinder  may  be  kept  cool  enough  to  run  satisfactorily  as  long  as 
everything  is  in  perfect  condition,  it  has  not  the  factor  of  safety 
of  the  water- cooled  cylinder.  'For  military  purposes,  and  more  es¬ 
pecially  for  fighting  machines,  the  advantages  on  the  -score  of  re¬ 
duced  vulnerability,  freedom  from  freezing,  and  reduced  weight,  are 
all  very  important  and  may  outweigh  the  disadvantages  of  air-cooling, 
but  it  is  doubtful  if  air-cooling  will  replace  water- cooling  for 
long-distance  military  flight. 

The  resistance  or  drag  of  air-cooled  cylinders  is  considerable 
but  has  not  been  determined  satisfactorily,  In  the  rotating  engine 
there  is,  in  addition  to  the -drag,  the  resistance  due  to-  churning 
which  reduces  directly  the  b.h.p.  of  the  engine.  This  resistance 
increases  sc  rapidly  with  speed  that  it  is  not  found  desirable  to 
operate  rotating  engines  at  speeds  in  excess  of  about  1,400  r.p.m. ; 
the  increase  in  indicated  pov/er  which  results  from  increased  speed 
is  largely  used-up  in  ever- coming  the  increased  air  resistance.  The 
total  work  done  by  an  air-cooled  engine  in  -overcoming  air  resistance 
is  probably  greater  than  the  total  work  done  by  a  water-cooled 
engine  in  overcoming  the  drag  of  its  radiator.  Until  quite  recently 
air-cooled  cylinders  were  at  a  great  disadvantage  both  in  fuel 
economy  and  in  power  developed  per  unit  volume  of  piston  displace¬ 
ment,  but  recent  constructions  have  put  the  ear-  and  water-cooled 
engines  nearly  on  a  par  in  these  respects. 

Valuable  research  work  on  air-cooling  by  Mayor  Herman  and 
Professor  G-ibson  at  the  Royal  Aircraft  Establishment,  and  fine  re¬ 
sults  were  obtained  with  experimental  cylinders,  having  thin  but 
well-ribbed  steel  barrels  with  very  thick  aluminium  cylinder  heads 


' 


■  i 


'■ 


*  •  • 


•  •'  • 


4 


ts  -  .< 


‘  •  • 

.  • 

•  *  :  : 

.  .  . 

' 

.  •  '  til 


:  •  * 


;  / 


S';  s  3* 


. 


-108- 


cast-on,  and  with  steel  valve  seats  cast-in# 

By  the  use  cf  very  thick  aluminum  the  heat  can  he  spread 
fairly  uniformly  over  the  cylinder-head  and  out  to  the  deep  and 
thick  flanges,  with  the  result  that  Ideal  over-heating  can  he 
avoided  and  results  obtained  comparable  with  those  of  a  water- 
cooled  cylinder* 

It  has,  however,  been  found  very  difficult  to  ensure  a  sound 
job  when  casting  the  head  on  -  to  a  steel  barrel,  while  the  alter¬ 
natives  of  bolting,  screwing;  or  shrinking  have  none  of  them 
proved  sufficiently  reliable.  Given  that,  as  in  a  radial,  or 
rotating  engine,  the  position  of  the  cylinder  is  such  that  it  has 
the  best  of  facilities  for  cooling,  it  has  been  demonstrated  that 
the  air-cooled  cylinder  will  give  from  90  to  95  per  dent  as  high 
power  and  efficiency  as  a  corresponding  water-cooled  cylinder-, 
so  long  as  there  is  no  distortion,  leakage,  or  detonation;  but 
while  the  water-cooled  cylinder  can  generally  survive  such  ailments 
due  to  intensification  of  heat  transference  from  the  seat  of  the 
trouble,  the  air-cooled  cylinder  has  no  such  advantage,  and  must 
give  way  to  local  overheating  followed  by  pre ignition,  and  perhaps 
by  distortion  and  seizure  of  the  piston  or  burning-out  of  the 
valves. 

The  lack  of  recuperative  power  which  is  the  weakness  of  the 
air-ccoled.  engine  applies  also,  though  to  a  lesser  extent,  to  those 
water-cooled  engines  in  which  there  is  a  double  metal  wall  through 
which  the  heat  has  ^to  pass  before  reaching  the  cooling  water. 

Selection  of  Water.  Soft  water  should  be  used  in  the  cool¬ 
ing  system.  Hard  waters  contain  lime  and  similar  sediments  which 
incrust  the  metal  surfaces  and  prevent  the  hea.t  from  coming  through 
to  the  water, 

•  In  cold  weather  it  is  best  to  drain  the  system  when  not  in 
use,  as  all  anti-freezing  solutions  are  objectionable.  Alcohol 
seems  to  be  the  most  satisfactory;  and  a  smaller  percentage  can  be- 
used  with  safety  than  that  commonly  given  in  the  charts  and  tables. 
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Engine  Lubrication 

Most  important  parts  of  engine  tc  "be  lubricated,-  cylinder  * 
walls,  crankshaft,  crank-pin,  piston-pin,  and  cam-shaft  bearings. 

Maintenance  of  adequate  oil  film  necessitates  efficient  pro¬ 
vision  for  removal  of  heat  generated  and  for  continuous  replenish¬ 
ment  of  oil.  Heat  must  be  carried  away  by  an'  excess  of  oil. 

Pressure  Oiling  System.  Splash  systems  are  not  satisfactory; 
wet  sump  is  undesirable.  Modern  airplane  engine  has  pressure  oil¬ 
ing  system. 

Lubrication  system  must  supply  needs  of  lubrication  and  make 
use  of  oil  as  cooling  agent.  Advantages  of  forced  lubrication 
mainly  due  to  cooling  effect  of  excess  lubricant. 

Objects  sought  are: 

To  circulate  as  much  oil  through  the  bearings  as  possible 
To  keep  the  oil  as  cool  as  possible. 

Amount  of  oil  that  ce.n  be  circulated  depends  on  pressure  at 
which  it  is  supplied,  the  clearance  of  bearings,  and  viscosity  of 
the  oil.  Pressure- is  merely  a  measure  of  rate  at  which  the  oil 
is  being  circulated. 

Por  free  circulation  with  pressure  feed  lubrication,  a  minimum 
clearance  of  rbout  0.0015  in.  should  be  given  to  crank- shaft  and 

connecting-rod  bearings.  Oil  of  lev/  viscosity  generally  used. 

Large  flow  of  oil  is  needed.  Capqcity  of  pump  should  deliver 
at  least  1/2  gallon  of  oil  per  hour  for  every  brake  horsepower. 
Amount  of  oil  circulated  in  Liberty  engine  is  about  12  gallons 
per  minute,  with  temperature  rise  of  about  10°  F, 

Oil  consumption  is  amount  uT  oil  burned  or  otherwise  lost,- 
varies  from  l/50  to  l/20  lbs.  per  horsepower  hour  for  static 
water-cooled  engines,  may  be  as -much  3/20  lbs.  for  rotating  engines 

Anri  i  cat  ions  of  the  System.  r.  Description  of  a  normal  lubri 
eating  system.  The  Liberty  engine,  Hispano-Suiza  engine,  Curtiss 
■K-12,  Curtiss  OX  engine,  Hall-Scott  L-6  engine,  Napier  “Lion" 
engine,  Fiat-650  engine,  Benz-230  engine  and  Maybach  engine. 
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Oil  Pumps.  Three  types  In  general  use:  the  gear  pump,  the 
plunger  pump,  and  the  valveless  oscillating  plunger  pump.  Typical 
e  .amples  on  page  111.  ... 

The  gear  pump  has  the  advantage  of  a  purely  rotary  motion.  It 
has  disadvantages:  ...  -  -  • 

1)  Its  volumetric  efficiency  falls  very  rapidly  with  wear. 

2)  '"hen  slightly  worn  it  has  little  or  no  suction  lift, 

(5 )  It  is  easily  jammed  by  the  entry  of  particles  of  foreign 
matter. 

(4)  It  delivers  a  v ery  rapidly  pulsating  flow  and  may  liable 
to  set-up  vibrations  in  the  oil  piping. 

The  plunger  pump  has  the- advantage  that  its  volumetric  effic¬ 
iency  varies  little  with  wear,  and  also  that  it  has  a  high  suction 
lift;  but,  on  the  ether  hand,  the  suction  valve  is  liable  to  stick, 
and  put  the  pump  out  of  operation,  it  also  limits  the  speed  at 
which  the  pump  -will  operate.  ! 

The  valveless  oscillating  plunger  pump  is  a  satisfactory  type,** 
no  valves  to  stick  or  to  limit  speed  of  operation;  also  capable  of 
dealing  with  dirt,  particles  of  felt,  etc.  When  run  at  high- speeds 
it  is  necessary  to  provide -an  air  chamber  on  the  suction  side. 

Cons  truction  Details.  Gear  pump  consists  of  a  driving --spur- 
gear  which  meshes  closely  with  an  exactly  similar  driven  gear.  The 
pump  i's  driven  in  such  directions  that  the  incoming  oil  is  carried, 
around  the  gears  and  not  between  them.  The  pumping  capacity  of  eaor 
ear  is  approximately  equal  to  the  space  between  half  the  number  o~ 
eeth.  Capacity  can  be  increased  by  increasing  the  pitch. 

Iv.ro  .scavenger  gear  pumps  are  sometimes  oombined  in  the  form  of 

nree-gear  pump,-,  a  driven  gear  on  each  side  of  the  central  drivirg 
gear. 

Scavenger  and  pressure  pumps  are  sometimes  combined  in  parallel 
planes  by  placing  all  the  driving  gears  on  the  same  shaft. 

Curve  showing  performance  of  pressure  gear-pump  of  the  Packard-- 

Plunger  pumps  are  some¬ 
times  combined  by  driving 
two  plungers  simultaneously 
from  the  same  crank.  Os¬ 
cillating  pumps  may  be 
similarly  combined  by  hav¬ 
ing  the  plunger  bodies  ih 
a  singl e- cast ing  which  ? s 
pivoted. 
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Pi"  Relief  Valves,  Pressure  feed  systems  are  provided  v/ith  a 

relief  valve,  commonly  set  to  relieve  from  35-50  lbs.  per  sq.inch. 
Wren  gear  pumps  are  used  and  the  flow  of-  oil  is  practically  con-  - 
tinuous,  almost  any  type  of  spring-loaded  relief  valve  will  sterve, 
but  when  single-acting  plunger  pumps  are  used  and  the  flow  is  pul¬ 
sating,  the  design  of  the  relief  valve  requires  careful  considera¬ 
tion.  A  form  of -relief  valve  which  is  said  to  give  satisfactory 
results  is  shown.  It -has  a  swept  volume  equal  to  -two  or  three 
times  that  of  the  pump.  It  is -loaded  by  a  long  spring  chamber 
for  which  steadies  the  pressure.  •• 

The  relief  valve  should  be  fitted  as  remote  from  the  pump  as 
possible  and  the  pressure  gauge  connection  should  be  taken  as  near 
the  relief  as  possible, 

Oil  Pilfers.  An  objection  to  pressure  feed  lubrication  is 
that  the  circulation  of  a  large  quantity  of  oil  involves  the  cir¬ 
culation  also  of  a  la^ge  quantity  of  grit  which  tends  to  rapid 
wear.*  The  size  of  grit  which  causes  'wear  cannot  be  filtered  out  with 
gauze.  Desirable  to  provide  a  mesh  filter  capable  cf  arresting 
large  particles  which  might  choice  up  the  system,  and  which  will  not 
readily  become  choked  itself. 

Whether  filter  should  be  fitted  on  the  suction  or  delivery 
side  of  the  pump  is  an  open  question.  If  on  the  suction  side  it 
is  liable  to  stop  the  flew- of  oil  to  the  pump;  if  on  the  delivery 

side  it  is  liable  to  burst.  Best  compromise  appears  to  be  to  fit 
a  coarse  mesh  on  the- suction  side,  and  also  a  somewhat  finer  mesh 
on  the  pressure  side. 

Experiments  have  been  carried  out  with  centrifugal  filters  or 
separators  which  may  prove  capable -of  eliminating  some  of  the 
finer  particles  of  abrasive  matter. 
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Valve -Gears 


Valves  mechanically  operrted-by  means  of  cams  acting  on  them 
either  directly  or  indirectly. 

Camshafts .  Camshafts  may  he  placed  near  base  of  the 
cylinders  and  operate  the  'valves  through  push-rods  and  rocker 
arms,  cr  overhead  camshafts  may  he  used  with  the  cams  acting  on 
the  valves  directly  or  through  rocker  arms.  Illustrative 
examples.  • 

In  recent  years  the  tendency  has  heen  to  do  away  with  push- 
rods  and  to  use  overhead  camshafts.  The  arrangement  reduces  the 
weight  and  complexity  of  the  valve  gears;  and, makes  for  better 
maintenance  of  the  valve  timing. 

•  Vfit'i  overhead  camshafts  there  may  he  either ;(l)  one  cam¬ 
shaft  ever  each  row  of  cylinders  with  the  earns  acting  directly 
cn  the  valves,  or  (2)  one  camshaft  with  cams  acting  directly  or 
one  set  of  valves,  and  indirectly  through  rocker  arms  on -the 
other  set  of  valves,  or  (3)  one  camshaft  T/ith  cams  acting  in- 

t* 

directly  through  re c leer  arms  on  both  sets  of  valves,  or  (4) 


two  camshafts  with  the  cams  acting  directly  on  the  two  sets  of 
val ve s .  Ip lu s t rati ve  exampl es, 

Integral  construction  most  generally  used.  Camshaft  must 
be  stiff  and  must  be  well  supported,  must  not  spring  under  shocks 
received;  flexure  should  net  exceed  0.002”k. 

■  i'Tumb er  •  of  bearings  varies ,  and  tfeir  lengths  depend  on 

'■  arrangement .  Jrcnt  bearing  which  usual lv  carries  added  lead,  due 
timing  gears  or  chain  is  given  greater  length  than  other 
be  airings.  .  . 

Ball  bearings  have  been  used,  but  practice  is  not  generally 
followed:-  ;• 

Vidth  of  cam  not  less  than  1/4  diameter  of  valve  for  roller 
and  net  less  than  1/3  diameter  of  valve  for  sliding  follower. 
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Cans 

Shape  of  can  depends  on  desired  valve  action  and  on  fern  and 
location  cf  follower,-  flat  tangential  flanks;  convex  circular 
f 1 anks ,  f 1 anks  c  ban g i ng  f rom ■ concave  to  c  c nvex . 

Cam  followers,-  roller,  flat  surface  cr  rounded  surface;  nay 
be  fixed  to  valve  plunger  or  nay  be  mounted  on  a. radius  am.  Plat 

p 

follower  necessitates  a  convex  flank  for  the  can. 

Common  method  cf  lay-out. 

Correction  for  clearance  in  valve  adjustment* 


Tan gen tial  Cam. 


COSOd  =r 


R 


R* 


/ 

R  ’  \ 


R  +  (R»  +  cl) 


A 


Synrne  t r i  c al  cam  gives 
equal  periods  of  time  for 


R 


i  ) 

i  xt 


V 


j-  ; 


^  ^  a  opening  and  closing. 

i  cW~  v  If  line  of  motion  of 

J  follower  is  off -set  a  sym- 
y  metrical  cam  gives  the  period  of  time 
for  closing  less  than  the  period  cf 

'c:me  for  opening.  Por  equal  periods  of  time  for  each,  the  cam 
would  be  un symmetrical , -  its -portion  for  closing  will  be  greater 
than  the  portion  for  opening. 

The  valve  is  axcelerated  as  long  as  the  roller  remains  on 
the  s  t  r  a  i  gh  t  portion  of  the  cam,  and  deceleration  is  during  the 
period  of  time  that  the  roller  is  in  contact  with  the  circular 
por tion . 

Definite  relation  between  radius  of  base  circle,  R,  radius 
of  rounding  circle,  r,  and  the  lift,  1. 


R=r  +  {1  +  cl) 


3? 


j 

rt; 
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cos(|  +  d.  ) 

1  -  cos  (-  +  cC  ) 
2 


D 


•2 


•  cost?  +  o L) 

r  =  R  -  (1  +  cl . ) - - -a - 

•  1  -  c  os  (  -  + 
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lf  rounding  circle  is  kept  the  same  for  exhaust  cam-, 
acceleration  and  declaration  will  be  the  same  as  for  inlet  valve, 
and  there  will  be  a  period  if  dwell  for  full 
opeyl  positi on 

Rounding  circle  may  be  made  of  larger 
radius  which  will  shorten  period  of  ac¬ 
celeration  and  extend  period  of  decelera¬ 
tion. 

r  Mushroom  Cam 


With  mushroom  follower  there  is  -no  period 
of  dwell.  Relations  for  R-and  r  may  be 
same  as  for  tangential  cam.  Flank  is  an 
care  of  circle  tangent  to  two  circles,  R 
and  r,  and  to  face  of  follower  when 
raised  the  amount  of  the  clearance. 

Constant  Acceleration  Cam 


Periods  of  acceleration  and  deceleration  are  independently 
variable ;  the  two  together  may  be  equal  to  or  less  than-l/2  the 

period  the  valve  is  open.  There  may  be  period  of  dwell. 

•Com par i son  Curves  "Valve-lift  curves  do  not  permit  true 

comparison  of  the  different  types  of  cams,  because  cf-’certain 
assumed  values.  Variables  are  different  in  character;’  impossible 
to  give  them  values  strictly  equivalent  for  different  types. 

Side  Thrust .  Vertical  pressure,  P,  is  ecp  al  to  sum  of 


Formal  pressure 
rapidly  than  radial  f 
valve. 


spring  pressure  and  inertia  force.  Pres¬ 
sure  at  surface  of -cam,  P* ,  is  vertical 
only  at  full  lift  and  no  lift.  Side 
thrust  on  cam  • f cllower ,  Pn  is  equal  to 
P**  =  P  tan  f 
'  P 

Pr  =  ----- 

c  os  p 

Side,  thrust  may  be 
troublesome 

(p!)  and  side  thrust  (PM)  increase  more 
orce,  (P),  the  quicker  the  opening  of  the 
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— r;:  Don?.  by.  ,9-M-  Cam  must  do  work  in  compressing  spring; 
work  must  be  done  in  giving  acceleration  to  valve  and  moving  parts 

Force  of  acceleration  determined  by  the  design  cf  cam  and  fellow- 
er  and  the  mass . accelerated.  Example. 

Cam  Design. 

Primary  considerations  are  to  open  and  close  the  valves 
as  rapidly  as  possible  with  minimum  of  stress  or  noise,  and  to 
arrive  at  a  form  which  can  be  readily  produced. 

Fes ir able  to  avoid  concave  surfaces  for  manufacturing 

reasons;  by  suitable  combination  of  cam  and  follower,  necessity 
-or  concave  surfaces  can  be  avoided. 

J0r  ;about  first  half  of  lift- and  latter  half  of  closing, 

‘  *"  0  1S  controlled  by  cam;  from  about  half  lift  to  ■ 

full  lift  to  about  half  closed,  vavle  is  under  control  of  spring 

iTZlllTtCn  perwissible  while  valve  is  under  spring  control  is" 
t  PfeSSUre  and  rating  of  spring;  during  first  and  last 
_  .  °  1'  ve  r;‘°  -eir.ent ,  acceleration  is  governed  by  permissible 

u  e  oh  '-nk  oi  cam.  Constant  acceleration  throughout  whole 
period  may  net  oe  desirable, 

^  _  Acceleration  during  cam  control  maybe  high,  ufoile 

acceleration  during  spring -control  should  be  as  low  a8  possible  in 
order  to  use  li^ht  am-i  yut « 

■-erne  i nr-ti-j  ^  ,  l-rin£s>-  spring  pressure  must  always  over- 
-.ie._ tia  of  valve  and  parts  with  some  margin. 

To  prevent  exnaust  valves  being  suched  open,  minimum- 

mUSfc  be  Sllffi0ient  to  resist  suction  in  c-linder,- 
a'  Ieast  11  Pounds  per  sq.  in.  of  valve. area. 

»ith  mo  derate- speed  engines,  extremely  high  r  ates  of 

T  "e3ded  Wh6n  Under  ^ring  °*ntrol.  An  accel- 
;  0“  °\800  t0  900  ft.  per  second  per -second  permits -favor*  le 

SI*  °pe"lngs  with  engine  of  15  to  PC  B.H.P.  at'sOOO  r.p.m.  or 

sufficient°stteLthrtSUCh  er>Sine3  the  ?«U£ision  of  a  spring  of 
will  meet  thelase!  *TeVer,t  opening  of  suction 

is  under  ™  Possible  rate  of  acceleration  while  valve 

am  control  depends  on  type  of  follower.  kith  roller 

and^oo^iubtioatfon-T  ”  r°ll6r  pin'  “  SQa11  Seated  area 
roller  cause  Bwl  '  ln  SUrface  vllocity  and  inertia  of 

mg  when  pressure  is  a  maximum;  increased 
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t- eight..-  Should  net  he  used  on  very  high  speed  engines. 

, cjrv“d  shipper  type,  no  overloaded  bearing;  small  area 
ox  ruboing  surface,  increased  wear;  greater  skidding  on  single 

face;  nay  have  greater  radius  and  width  of  slipner  than  for 
roller* 

P„itMrhr°°m  type  in  some  way®  the -most  satisfactory,  but  nec- 
e  oitates  larger  base  circle  on  cam.  Follo;ver •  should  be  offset 
sideways  to  distribute  wear  over  whole  surface.  Impossible  to 
use  low  rate  of  positive  acceleration,  but  safe  to  use  high  rote 
or  acceleration  for  high  pressure  occurs  at  flank  and  not  at  tin 

0*  C  dm  t 

in  kee?  base  °ircle  of  R«y  cam  as  small  as  possible 

m  order  to  reduce  rubbing  velocity.  1 

of  rfiUVf  Eny  CaE  iS  actual  radius  frora  center 

T  T  r°  ler>  HenCe>  i+' ^ters  not  whether 

cwn  be  larse  and  roller  small  or  vice  versa. 

CpinDi  agrans 


1. 

2. 

3. 

4. 


X^Zt  ^y^t  diagram  (equal  time  basis) 

wl^  r,lng  diagram  ifor  piston  positions) 
velocity  Curve.  ~ 


^  ..jihg 

Velocity  Curve. 
Acceleration  Curve. 
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Mjustment  of  Pro  -port!  on  s .  Certain  adjustment  of  positive 

acceleration  with  tangential  cam  maybe  made  by  changing  distance 
from  center  of  camshaft  to  center  of  roller,  -  acceleration 
Val ies  directly  in  proportion.  Such  change  has  opposite  effect 
on  negative  acceleration  on  nose  of  cam.  If  pressure  of  spring 
balances  inertia  of  valve  parts  at  maximum  speed,  nose  of  cam 
sustains  o light  pressure;  at  low  speeds  pressure  on  nose  must 
oe  leos  than  spring  pressure,  -  short  curvature  on  nose  will  not 
lead  to  undue  wear.  Curvature  of  flank  and  follower  should  be 
as  large  as  possible,  -  small  base  circle  and  large  roller. 

With  cams  and  followers  formed  of  arcs  of 
circles,  velocity  and  acceleration  of 
center  of  roller  are  the  same  as  those 
for  a  piston  having  crank  and  connecting- 
rod  lengths  R  and  L* 

Proportions  of  nose  of  cam  should 
be  such  that  ---  is  less  than  unity. 

With  mushroom  follower,  motion  from 
tlank  is  series  of  simple  harmonic  motions 
of  varying  amplitude*  Radial  velocities 
and  acceierat ions  about  base  and  nose  are 
proportional  to  distance  from  center  of  cam  shaft  to  center  of 
curvature. • 

•  By  recessing  the  valve,  it  is  possible  to  start 
the  motion  of  the  valve  earlier  and  finish  it  later.  While  keep- 
.  ing  the  time  of  effective  opening  and  closing  as  before  this 
greatly  reduces  the  acceleration.  . 

Effect  on  volumetric  efficiency  is  the  most  useful  feature 
of  the  recessed  or  “masked"  valve, because  it  gives  a  large  open¬ 
ing  at  bottom  dead-centre  and  practically  closes  the  valve  before 
the  piston  has  risen  sufficiently  to  pump  the  charge  back  through 

the  valve.  A  mask  depth  of  about  l/6th  to  l/8th  of  the  lift  is 
suitable. 

— Springs .  The  i unction  of  the  valve  spring  is  to  de¬ 

celerate  the  valve  moving  parts  during  the  latter  part  of  the 
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'.alve  opening- and  to  accelerate  them  during  the  first  part  of  the 
valve  closure.  In  addition,  the  exhaust  valve  spring  must  be 
strong  enough  -to  keep  the -valve  closed  during  the  suction  stroke 
when  the  engine  throttled.  During  idling  the  piston  suction  may 
give  a  pressure  difference  of  about  50  lbs.  with  a  2-l/2  in. 

e*.  spb-ng  p. essure  required  for  acceleration  is  some¬ 

times  m  excess  of  that  required  to  keep  the  exhaust  valve  closed 
during  idling. 

_  Cylindrical  helical  springs  are  employed  almost  universally, 
on  occasionally  conical  helical  springs  may  be  used.  In  the 

larger  engines  two  concentric  cylindrical  helical  springs  are 
frequently  used.  B 

S^rlna  Force.  To  determine  the  spring  force,  -  we  must 
determine  the  maximum  value  of  the  deceleration;  and,  must  de- 
!?gn  a  sprlng  oa-pahle  of  imparting  to  a  weight  equal  to  that  of 
-e  reciprocating  parts  of  the  valve  mechanism  (including  one- 
hr.lf  the  weight  of  the  spring)  an  acceleration  equal  to  the  maxi¬ 
mum  deceleration  determined  by  the  cam  outline  for  the  maximum 
-peed  of  the  motor.  The  use  of  such  a  spring  insures  that  the 
cun  follower  always  remains  in  contact  with  the  cam  outline. 

Do 11 owing  this  procedure,  and  differentiating  the  equation 

ior  velocity  we  obtain  the  maximum;  differentiating  again  we  find 
-ne  maximum  acceleration. • 

For  a  Tangential  Cam..  - 

.2 


,  D  277*  n  2 

-  ( - -  +  D)( - ) 


(R 


+  r  :• 
W  IT2 

3  5200 


60 


in.  per  sec. 


D* 


Spring  force  -  *■  =  - . +  ©) 

R!.  +  r 

where  R*  is-  the  radius  of  roller, 

r,  the  radius  of  arc  at  end  of  cam, 
and.  D,  '-die-  distance  from  centre  of  r  to  centre  of  cam  shaft 
IT  ~  r.p.m.  of  can  shaft,  ....V-"'  ’  • 

Exaimole:  ... 
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For  Mushroom  Oam.  The  equation  for  the  spring  force 
"becomes 

?;  i>  it2 

F  = 

35200 

Exampl e : 


For  Hon st ant  Acceleration  Cam. 

7f2  n2 
5400  foL2 


a  = 


where  f  =  the  period  of  total  time  of  lift-  in  which  deceleration 

a.es  p„ace,  and<^_  =  the  angular  velocity  of  the  cam  for  the 
lift  expressed,  in  radians. 

If  we  let  oc  «  the  angle  of  lift  in  degree: 

opring  force  =  p  =  _ _ _ 

5.3  S 

Example  : 


:s 


In  the  case  of  the  tangential  and  mushroom  types  of  cams 
t  ie  spring  pressure  obtained  by  these  formulae  are  those  which’ 
l-e  opring.  mu3t  exer^  when  the  valve  is  fully  lifted 

-r  the  case  of  the  constant  deceleration  cam  the  spring 
must  exert  a  pressure  equal  to  that  given  by  the  formula  when 

cel e rate °  ***  attalned  its  maximum  speed  and  is  beginning  to  de- 

...  „  F°gjulae.-  -  The  maximum  safe  pressure  of  coiled  wire 

springs,  and  the  deflection  under  a  given  load  may  be  obtained  as 


‘oiiows"r"j 
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X  “  11  ~~~  >  and  d  =  \ - i... 
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lere  F  -  maximum  safe  lead 

C  =  the  compression  of  the  spring  =  lift 
Dp=  mean  diameter  of  the  ceil 
d  =  the  diameter  of  the  wire 
n  *  the  number  of  coils  in  the  spring 
S  ~  the  maximum  safe  fibre  stress 
E  —  the  torsional  modulus  of  elasticity 
and  P  =  load  in  pounds.  ..... 

S  may  be  taken ■ from  40,000  to- 50; 000, 

E,  12,000,000  to  13,000,000. 


Example : 

It  is^ observed  from  formulas,  that  for  a  given  maximum 
pressure  the  stress  to  which  the  spring  material  is  subjected 
v..,ri-.:s  directly  with  the  diameter  cf'the  coil  and  inversely  as 
tjw.  cube  Or  the  diameter- of  the  wire.  On  the  other  hand,  for  a 
certain  deflection  per  pound  of  load  the  number  of  coils  varies 
as  the  fourth  power  of  the  diameter  of  the  wire  and  inversely  as 
wee-  cube  of  the  diameter  of  the-  coil.  Combining  these  two 
propositions,  -  increasing  the  diameter  of  the  coil  increases  the 
stress-  and  decreases  the  number  of  coils,  while  increasing  the 

diameter  of  the  wire  decreases  the  stress  and  increases  the  man- 
oer  of  coils  required.. 

— Valve  Springs  must  be  considered 
from  four  points: 

1)  The  force  at  various  points  in 'the  lift 
,2)  r±he  maximum  stress  in  the' v/ire . 

3)  The  stress  range  from  max.  tc  min. 

j  eriodic  vibrations  in  the  spring  itself, 

.  (1)  Jorce  in  various  points  in  lift  maybe  calculated,  or 

a  xoroe-lif.-c  graph  may  be  drawn  from  the  displacement  and  ac- 
celeration  diagrams. 

•  Tiie  minimuni  force  must  be  sufficient  to  hold  the  exhaust 
vaiva  closed  when  throttle  is  almost  closed;  and,  to  avoid  un¬ 
necessary  leading  on  the  valve  gear,  the  maximum  should  be  just 

he gh  enough  to  allow  a  safe  margin  beyond  the  highest  engine 
speed. 
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(2)  The  maximum s  tress  in  the  wire  must  be  well -below  the 
yield  point,  otherwise  permanent  set  will  take  place. 

lot  advisable  to  exceed  60,000 -lbs.  per  square  inch,  pre¬ 
ferable  -to  keep  within  40,000  to  50,000  lbs.  per  square  inch 
maximum.  .... 

(3)  The  stress  range,  i.e.,  the  difference  between  the 
initial  stress  and  the  Maximum s  tress  should  be  kept  down  in 
order  to  avoid  fatigue  and  rapid  deterioration  of  the  metal  in 
the  spring.  The  range  should  not  exceed  24,000  to  30,000  lbs. 
per  square  inch  according  to  the  quality  of  the  steel  and  the 
life  expected* 

(4)  Periodic  Vibration.  If  the  mass  of  the  spring  itself 

- e  toe  g_ ect.t  in  -l elation  to  its  stillness  (which  is  proportionate 
to  -its  rate),,  the  natural  period  of  oscillation  of  the  spring  be¬ 
comes  large  and  may  approach  the  period  of  the  valve  motion. 

Serious  vibrations  may  then  be  set-up,  and  the  spring  is  liable 
to  fatigue  and  may  allow  the  valve-gdar  to  jump  the  cam. 

The  number  of  free  vibrations  per  minute  of  the  centre  of 
the  spring  when  the  ends  are  held  is: 

■  -  -s/f 

where  N  =  number  of  vibrations  per  minute, 

R  »  rate  of -spring,  i.e.  lbs.,  required  to  compress  it  1  in, 
axially. 

and  W  =  the  weight  of  the  spring  in  lbs. 

j-f  it  is  leund  that  IT  is  equal  to  the  -  revolutions  per  min.  of 
t  ie  camshaft  or  iw  a  simple  multiple  of  it,  it  is  practically 

certain  that  the  spring  will  shudder  and  cease  to  function  pro¬ 
perly. 


The  spring  found  by  calculation  should -bes.  considered  under 
heading  (4)  before  being  passed  as  suitable. 

It  will  be  apparent  that  (3)  and  (4)  are  in  opposition, 

1  or  if  the  stress  range  be  kept  too  low,  the  spring  loses  stiff-  • 
ness  and  may  develop  slow  vibrations  in  time  with  the  valve  g  ear. 
There  is  no  practical  difficulty,  however,  in  s  atisfying  both 
points  in  very  high-speed  engines 

lu 

Example : 


. 


* 


•  •  \ 


. 

. 


1 


t  ■ 


CM. 


— 


-123- 

^^■  i£ear_DetaiIs,  Valve  spring  retainer  is  usually  a 

+  /the  v-ive'^te  ^ ^  flanse  to '  center  the  spring.,  fastened 

I!  ,  °  Pem  ln  various  way8‘  -When  the  cam  acts  directly 

on  a  flat  cam  follower  on- end  of  valve-stp™  thn  fail  y 

+  o  ^  *i  j  u  vaxve-stem  the  follower  mav  serve 

to  acid  the  spring  retainer.  7 

Illustrations . 

Roofer  aims  are  usually  pivoted  in  plain  bearings;  ball  or 
oiling  bearings  are  sometimes  used. 

aaounfS^rr1  **  provided  for  the  tappet  clearance.  3he 

and  depends  mainl^on th®  eXpansion  of  ^  valve  stem, 
requi—B-  le-8  fl  1  •'  ithC  length  01  the  valve  stem;' -'inlet  valve 
•e°s  tappet  clearance-  than  the- exhaust -valve';  in  the 

in.  whenC-th^!n  6  clearance  is  °*015  in.,  the  exhaust  0.020 

as'it  u’-c'ibs  Slne  is  cold.  .  Too  much  clearance  is  to,  .he  avoided, 

-  noise  and  possible  breakage . of  valve  parts. 

^clo-^vaTv^0”  f  f°rnS  °f  ValVe  guides’  push  vods,— tappet  rods. 
.CiUoiooeu  valve  mechanism.  -- 

0f  ..  v  v-^ITT" ^  ■|V^lygS •  '  0verhead  valves  permit  the  simplest  form 

ana  water  Jacket,  shortest  and  most  direct  pa-s- 

s L ;nl if i c.’t io^in ’ r.’  -T  th„° verhead  -camshafts,  a  considerable 

in  a  flat  V»d  or  "the'h '  Tf  gear;  The  valves  may  either  be  seated 
ot  " ,  „A  b  f  the  head  may  be  domed,  in  which  case  the  valve 

Ih„  TfVeS  ..if  Poppet  type  with  bevelled  seats. 

It  l  usually  wxd.er- than  the  seat  on  which  it  closest 

2  I-  tsua!  ^TVaCa'" to  ensure  gas  tightness. 
Seat  -s  usually  conical,  45°  or  30,%  Flat  seats 

With  conical  seats  the  1  if. tfof  ..the.,  valve  must  be  greater  bv 


cos 


Oi  seat  angle  _  ■ 

t  !haraCteriSti0  of  the  Pcppftt -valve ..is,  'its  freedom  from  de- 
oenoraticn  under  the  action  of  heat... 

.  .  ,  Val:e  must  be  000led  as  ff-uch  as  "poss  ible,-  Cooling  is  accom- 
f  y  radlatlon  from  the  head  to  the' fresh '  charge,  by  conduc- 

...cn  through  the  stem  and  by  conduction  through  the'' face  to  the  seat 


\i  • 


.*■ 
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Drcm- 


“■ a contact  the  roost  important.. 

Numerous  ways  of  making  poppet  valves.-  steel  valves  ti- 

LT  cin4‘-3infle,piece;  but  type  most  seneraiiy  of 

i  f  f?  electrically  welded  to  a  carbon-steel  stem. 

the  valve  in  excess  of  the  p0~t  arel-  1  ™  ^  Under 

res-.pot  +n  +lno  .  A  ea’  a  hlgh  average  opening  with 

of  a  sraii  val-r^126  °  6  P°r°  13  °bt^ined  whlch  permits  the  use 

cooling  ^  Si2G  °f  Valve  head  aBBists  in  the 

at  eJ^f^ct”6  d!°P,  torough  the  inlet  valve  affects  the  pressure 
":"0  nv  ?  Y  '  and’  therrty>  the  volumetric  efficiency, 
used.  a  lar£er  ValVS  area'  multiPle  calves  are  sometimes 

the  rZ  ;Lkepf  flSa“e  aS  for  a  corresponding  single  valve, 

ofd  v^ve  gb  ValVeS  WU1  bG  mUCh  inoreas^,  -  diameter 

lov  ?Lt  -  1  redUCed»  Without  ^creasing  the  gas  flow  be- 

sure  wifi  3  ValVS-  ThS  ValVe  area  Presented  to  gas  pres- 

t IZ  2lt  Tf  leSS’  r  W6ieht  °f  thS  tW°  ValV6S  wil1  also  lees 

vaive  oool  ^rl  willgb 6  w!®'  ,  ^  P°W6r  re«uired  to  operate  is  les 

1  11  b  oetcer  cecause  the  circumference  of  the  -two 

Srr, .“S  "  *  —  -  »«  — 

Tne  min  problem  of  the  exhaust  valve  is  heat  dissipation 

°f  ?XhaU3t  ValV0  Erea  ’oy  ^creasing  its  diameter’re 
temperature  of  the  valve.  The  heat  r^exfed 

dialer  ^  Sf°Ximately  Proportional  to  the  square  of  its 

ai  ;ri;;  s*  soat  is 

increased  valve  diameter  gives  increased 


valve  temperature  and  liability  of  warping. 

valves'1  Setoff  ^  PP0'rlilae  the  ^-imumlree  area  through  the 
pp-  ;  t  °  0f  gaS  passa®e  should  offer  minimum  resistance,  aec 

vaSe  rZh  T  f°rmation  of  ^dies,  especially  for  the- 

An  loac  ,-s  t!  TP6t  h6at  ^  SaS-fl°W  linSS  improved, 

are  inci'i-'  l-'f  f®  ®  is  usually  smoother  when  the  vaL  ves 
rc  xnc--11'  d  -chan  when  they  are  vertical 
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Valve.Eesign.  In  the  design  of  the  valves  the  objects,  are: 

(1)  for^he^gases?  fr*e8t  possible  entry  and  exit 

U)  tenfwit^tiJ3^63/3  Sn;a11  a®  P°as^le,  consis- 
tent  with  the  first  condition. 

an,  *1  iS  essential  t0  make  the  orifice  coefficient  of  the  valve 

H  surroun<ilngs  as  high  as  possible,  in  order  that  it  shall 
pa  the  maximum  weight  of  gas  with  the  minimum  of  pressure  dif- 
ference.  . 

(l)  The  flow  of  the  gases'  on  either  side  of  the 
valve  port  should  he  as  free  as  possible,  no 

**dB  ncr  chanSes  of  section. 

I  )  The  1 lft  should  be  eqqial  to  one-quarter  the 
port  diameter  if  possible. 

C 3 )  Ihe  angle  of  the  valve  seat  should  be  fairly 
flat,  J0°  appearing  to  be  good.  ‘ 

(3  The  under  side  of  the  valve  head,  particularly 

m  the  case  of  the  in]e  t  valve,  should  be  well 
radiused.  ■ 

Use  of  unduly  large  valves,  particularly  large  valves  with 
.-.1.0  .d  lift,  should  be  avoided  for  the  following  reasons: 

(1)  Relatively  large  valves  are • invariably  detrimental  to 
compactness  of  the  combustion  chamber.  .... 

(2)  for  a  given-  frictional  resistance,  and  volumetric  effi¬ 
ciency  and  pumping  loss,  a  higher  entering  gas-velocity  may  be 
employed  when  the. -..valve  is  of  moderate  size  with  a  high  lift,  and 
^eil  stream-lined-,^  so  that  the  degree  of  turbulence  and  therefore 
i-he  peer  output-r.and--  ef f  iciency  are  greater. 

(3)  Since  tfre  valves  get  rid  of  most  of  their  heat  through  ■  • 

the  .seats,  the  4-arger  the  valve  the  higher  will,  be  its  temperature. 

is  important  to. keep  the  temperature  of  the  vd  ves  as  low  as 
possible,  -  'Ihe..  exhaust  valve  because  its  durability  is  a  function 
cf  its- wording  temperature,  and  the  inlet  valve  because  the'  enter¬ 
ing  gas  esk^are ‘only  too  ready  to  take-up  heat  from  the  inlet  valves 
and  so  p‘enal ize  the  volumetric  efficiency  ... 

. . ' 4  )  ..Zs&ge  diameter  valves,  particularly  exhaust  valves,  re-  • 
suit  In  unnecessarily  heavy  stresses  on  the  valve-operating- gear< 
That,  the  valves  should  always  be  as  light  as  possible  is  obvious, 
bu^  there  -is  a  tendency  to  carry  weight  cutting  in  the  valves  al- 
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T.oge.ier  too  far,  with  the  result  that  stretching,  distortion  • 

header "SatrnS  ^  liable  to  occur-  The  weight  of  the  valve’ 
mass . a  mS  2  SmaU  prcportion  the  whole  reciprocating 

seat'StTe  th!  VfVe  g6tS  rid  °f  “S  heat '^rgely  through  its 

d  ^  thatch  UW  ^  ”ade  fairlY  Wide-  There  is  Httle 
clc  bt  that  the  use  of  wide  seats  tpn^cj  +  ~  .  •  , 

sustained  efficiency.  a  hleher  and  better 

r:*s  r„r  -  >*-  -  “  »»: 

■  Number  of  Valvpc.,’  Tv. _ _ 

valveTeads  as  low  aslossibi'^V0  ~<eep  the  temperature  of  the 

the  exhaust  valves  and  the  vni  *"*  S°  lncrease  the  durability  of 

S  and  the  volumetric  efficiency,  it  is,  some- 


dUplicate  the  vaXTCS  rather  than  to  resort  to 

S-VuM  *!«i  t,  ****  Si36S-  In  Rioard°,s  opinion;' no  single  valve' 
Sxicuid  deal  with  more  than  vnn  ■»>»  w-p  .  ,  Vd'-Lve 

ticn  vThen  th&  i  ~  1  •  of  air  per  hour  as  an  approxima- 

Vad'"du^r  *  "  arS  plaC6d  ^tically  dn  the  cylinder  in 

oa  eg  itP,  !  100  ^  V8lVeS  introduces  no  difficulty.  In  some 

'  a.es  it  i„  desirable  to  use  two  inlet  and  three  exhaust  valves. 

'er  vafves^eiL6^3118!  ValV®S  and  a  large  one  may  be  used,  the  small 
t.  . ,  .  ng, opened  earlier,  in  order  to  get  rid  of  the  bulk  of 

lo  J^h‘preSSUre’  higk- temperature  exhaust  products  before  the 

ZT  ”1Ve  *nd  *°  *°  ““  viva  1°  ,  lne 

mechanism.  x  & 
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Gyl inders 


Cons iderable  cvar i ety  in  the  design  mi  . 

tion  of  overhead  valves.  aCCOrd  ln  ad°pt' 

Cylinders  are  formed  either  singly,  or  in  blocks  of  two,  three 

or  four.  The  single  cylinder  is  flexible  and  permits  freedom-of 

movement  without  putting  strainq  ^  reeaom  of 

putting  strains  on  other  parts  of  the  pn^-ino 

used  in  major?ty  °f 

m  engmeo  whose  cylinders  are  all  steel  t>ip  ki  i  y 

with  common  Jacket  may  result  in  «L^f  iec^iT^oTSe 
jacket  but  usually  an  increase  in  weight  of  water,  and  may  give 
manor  circulation.  Main  advantage  of  block  obstruction  Is  that 

i£tnsa  ssrs  srw  and  ~  — - 

=OT»u£—=Sr;1»pe“£S  23U““7V  obtal”a  f" 

.  ,  .  1  b  a  reasx  ratio  of  surface  to  volume  - 

greatest  mean  indicated  pressures  are  obtainable  f„  , 

owing  to  minimum  heat  loss  to  the  wills  SUCh  Shap6S 

temperature  period.  '  CC0UmnS  during  the  maximum 

Arrangement  of  combustion  head  and  vel  vpq  q 
conflicting  requirements.  .  ’  ’  a  compromise  between 

position  S he u  1  d 1  b b f su c h 6 as ^ t o  pr^nT^ i0tV head  and  valve  dis- 
face  to  the  gases.  preSent  the  smallest  possible  sur- 


2 »  Vo  1  urns "fc  i*  i  c  fi  ip  i  a»T_ 

size  that  they  do  not  give  excessive'  valves  should  be  of  such 

and  the  area  of  the passive ^eadinl  +f ? °JZltl*t*C0U*h  them, 
that  of  the  valve  openin'^  ^  °  uC  thef  shculd  be  greater  than 

angles  of  sudden  changes°cf  area^^nd^'iq3^?!^  be  ^ree  from  sharp 
be  such  that  the  pipework  leading  to  -nrs  |*0Slt^cn  cf  valves  shculd 

satisfy  the  same  kndiUons?* ^Thf  v°l  t-es  should ;1kp  °ylinder 
freeflow  of  gas  is  not  restricted  JiSJSW** 

head  mustif desS^f-wi "regart P?0°stHeat;>,  Coml3usti on 
dissipation  of  heat,  and  dis^itfrn  nr  i  tc\strenSth  and  rapid 
weaken  the  lead  of  ebstruct  the  free  -n  +  °  t  be  eityier 

?ne  th}ckness  cf  raetal  should  be  as  nearly  uniform  as  possible' 

such  a'way°as  to  I^^Tthe  cosf of ^arnfacture-and^'v/ve1^”  V” 
be  arranged  so  they  can  operated  in  possible  manner. 
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3-3"  6  S  t  practical  aoorc'ncb  i* -i  u  a  _  t  , 

Pp  L0  ldeal  shape  shown  in  sketch, 

B;  while  sketch,  A,  illus¬ 
trates  a  fairly  popular  in¬ 
expensive  arrangement. 

Fulfills  first  and 
second  conditions  fairly  well, 
But,  for  very  high  speeds  it 
has  the  disadvantage  that  it 
is  not  possible  to  fit  valves 
large-  enough  for  the  best 
volumetric  efficiency,  unless 

enlarged,  which  is  t  -  the  top  of  the  finder  be 

it  weakens  the  combust-''  -n  cha  h  iT°™  mechanical  point  of  view  ' 

Of  circulating  waS;  &  interferes  with  free  flow 

B  io  probably  the  hpo;t  -p 4. ^  . 

and  volumetric  emciencv AJ  l  *  °f  VieW  both  of  tha™al 
not  weaken  the  combustion  head  nor  !  PI°y  d’  Pt  does 

u“ :  r  ««  *•  **5rxs: 

n«  «  .=.“Sa;r“\a“«rP‘" '"f"”  “e  c,1Ini"  1““  “ 

maximum  external  diameter  is  h  if  t'v  f°  e<JUal. valves>  «*i* 
the  thickness  of  the  bridge  between*  them  ^Th*"  dlameter  minus  half 
frequently  insufficient  to  e  ,  ThlS  Slze  of  valve  is 

sloping  sides  without  enlargement  fit  °PeninS-  Heads  with 
Curtiss  OX  and  Mercedes  or  with  i  dla®euer  are  used  on  the 
liberty,  Austro -Daimler’  plat  31)/”^*”*  °f  diameter  on  the 
the  difficulty  is  by  W  use  of 

Turbulence  may  be  ^  int°  aCC0Unt- 

inle- *£££*»  viow  of  the  ch—  ^oZiiiizr1  *e 

,,r  ££**£*  *«»- 

pcss  ibi  e  the  use  ef  1  aree-’uai™’”  «  usually  us  tee 

nearer  together  v/brl  of  ~  „  perMlts  them  beinS  placed 

is  lightened  erlndlnS  VSlVeS  and  «»Pin<S«out  carbon 

Chief  objection  is  the  /*as-no-in+  ^ 
design  and  ample  ri~iditv  +  h  ^  °  \  "  ua  er”l°inb.  V/ith  careful 

to  recommend  it.  ^  detachable  cylinder-heads  has  much 
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hater  Jacket.  mv,.,  _  xx. 

to  e»  with  -  deoign  of  toe  water  jacket  has -much 

o  do  with  the  success  of  the  engine  in  service,  for  uniform 
cooling  is  nprpqctrmr  m  ,  ,  .  9  UA  uniIorm  •  •• 

■  «•«  --  s*2r 

5S35wa 

S.MMc  r  ‘°  *  St“‘,y  rl°’-  *>  «>»rt  are  „er- 

!r7  excessive  cooling  „  and  J 

J  -!,,?,:'  ;"":,  ™1”  »■■«”«»  ^uld  rest  upon  a,  „.n. 

-  ■*  e  jacto  l,  rather  than  upon  the  port  walls.  .  ... 

dif  f  tcultie^^^^t*  °f  hSad  sometimes  presents 

:  I1?  i!oatlon  of  Pl«S.  It  Should  not  he  subject- 

effect  of  x*a"  /°“  6ver-lul:)ricated  piston  nor  to  the  heating 
e.. xoct  of  exnaust  gases.  b 

^  The  position  of  the  spark  plug  is  determined  by  several 

Shap®.0f  Combustion  Chamber,  arrangement  of  the  valves, 

VT”T  1°’  Md  aCOeSSiMlity  of  the  Plus.  It  should  be 

to  to  imnortCnf!f  °f  the  gaS  aS  possible.  With  high  compression 

!‘lat  tae  spark  Plus  boss- be  well  water- jacketed.  • 

*r+bnSi  ;he  piug  may  be  minimized  by  placing  it  out  of  the 

sStf  oj  tof  toaSing^p/r the  piston  and  °f  thewet  c°nsti- 

:?!  ltVe»‘”»l  and  to  prevent  grounding.  .J&ltiple  spark 

pi.  gs^help  to  insure  the  inflammation  of  the  charge. 

tv>  Most  iinPcrtant  factor  in  determining 

tnr  design  of  cylinders  is  the  material  used.  ' 

fU”0ti0n  °f  the  cylinder  requires  a  material  capable  of 
..t.^vai,  ing  the^uigh  temperature  and  pressures  of  combustion-  with- 

.,;..,eX0e!31Ve  defo™ation  and  capable  of  providing  a  good  bearing 

4rattveiw°ri  ?hLP^St°n;  in  additioa  t0  these  1*  should  be  com-  • 

all  "the  ’J  •  ”g,  .U  ±0r  ltS  st*enSth, .  Of  the  metals  used  none  possess 

nltte-  ofT  !c  cha-aotel-istic.  Cast  iron,  falls  short  in  the 

'S'~~  "&ns  Wlth  low  weight>  and  cast  aluminum  does  not 

~  to°Ca  V'earlng  Properties.  Machine  steel  is  used  where  low 

veigii.  is  necessary. 
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The  following  constructions  are  in  use: 


(3) 

(4) 


(5) 

(6) 


(1)  srr  in  — 

(2'  aluminuKnsideseto  thf  jacket^^For  MCkvtS’  ^  with 

a/ reduces  -£  ttTgSfa. 

~  I* 

eitherrdoppe”esteel  o^rnSnS-metal. She6t  metal  ‘iaokets’ 

0harreiamay3'h4  integral  '  The  steel 

shell.  The  aluminum  iacket  r-^\  °f  °nly  a  cylindrical 
the  steel  barrel  as  the  i^ner  wall.°0mP  ®  °r  u3e 

Steel  barrel, mcast  iron  head  and  steel  jacket! 

The  cylinder TisSeithe^achined 3  ,"?ed/ore  ,than  any  other. 

made  from  steel  tubing  The  iL’  +  °*  a  solld  forging  or 
to  share  in  halves  end  ,-!i'  JaCj-etf  are  coramonly  stamped  ' 
The  valve  ports  and  wela®d  *  ogether  and  to  the  cylinder. 

pared  with  cast  cylilder^eads?2*  S01“e  dlf f lcultles  as  com- 

both  production  an/s?  v  "lr0tl  Cyl'inder  that  is  'Satisfactory  in 

practice,  of  machine  f,eq’J'lres  good  knowledge  of  foundry 

*  E-acnme  s/iop  methods,  and  of  +he  .p 

”  °vm- 

important  with  alulin^1  ^t18  SUrfa°e  hardness>  an<*  particularly 

surface  hardness.  ~  gvl  I  lapplng  can  be  resisted  only  by 

sc  well  as  these  whi-h  h ln"‘efS  f  111  ished •  by  grinding  seldom  ?/ear 

ose  ''hl0jl  have  been  reamed. 

of  the  differ  In  ^  axUminun  cylinders  the  effect 

cause  separation  of  tlie^line^  °f  th°  ste31  and  aluminum  tends  to 
peratures  are  attained  °aSing  When  high  working  tern- 

A  mild,  steel,  case-hardned  lin^r  afford¬ 
ing  surface.  its  „=«.<_  ~  °-ds  an  excellent  wear- 

open-ended  tube  of  nearly  uiif^ lt)le  “>!>'  ^hen  the  liner  is  a  plain 

nearly  uniform  thickness  and  perfectly  symme- 
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trical. 

As  regard  material  for  built-up  steel  cylinders  a  high-carbon 

?G  S^VeS  gcod  t’ssults  as  regards  wear,  but  it  is  rather  diffi- 
cua.  l,  and  Expensive  to  machine.  ■ 

.  °f  ^h®  raaterials  for  cylinder  liners,  case-hardeaed  stdel  is, 
n  Ricardo  s  opinion,  the  best  from  the.  point  of  view  of  wear  and 
^  e  surface  it  attains;  oast  iron,  if  fairly  hard, -and  reamed  is 
pro  a  ly  second  best,  with  high-carbon  steel  third.  •  Low  steel  is 
has  L useless  f°r  cylinder  liners  unless  case-hardened.  Bronze 

hardness"  riea’  ^  rlSS  iS  impractical>  owing  to  lack  of  surface 

i  ^  — — — Ssats.  Valve  seats  are  integral  with  the  heads -in 
s.eel  cylinders  but  have  to  be  cast,  or  otherwise  fastened,  into  • 
aluminum  heads.  Tfith  integral  or  non-detachable  valve  seats  it  is 
impossible  to  take  out  the  valves  without  talcing  off  the  cylinder 
or  taking-cut  the  piston.  Detachable  valve  cages  have  been  used 
oui,  these  result  in  imperfect  cooling  of  the  valve  seat 

Va-'ve  ports  valve  stem  guides  in  all  steel  constructions 
*  ntegral  for  each  valve  and  are  welded  to  the  cylinder  head. 

'  ^nides  are  provided  with  bushings  of  steel  or  bronze;  the 
va_ves  must  work  freely  in  the  bushings  and  give  no  leakage  of 
ax"  or  exhaust  gas  between  valve  stem  and  guide. 


Thickness  of.  r'alls.'  Several  emp.  irical  formulae  have  been- 


in  use  for  calculating  cylinder  wall*  tlifckness'. 

.  Diam.  X  Pressure 

thickness  =  t  =  i _ _ _ _ _ 

2  X  working  stress 


Por  cast  iron. 
Por  steel 


t  =  0 \  045  Diam; 
t  =  0.018  Diam. 


Ho  allowance  need  be  made  for  wear  or  reboring. 

Tne  clearance  space  alone  is  subjected  to  the  maximum  explos- 
ion  pressure. 


Lowest  part  of  the  cylinder  need  not  be  more  than  one.- half 
the  thickness  of  upper  end.  Cylinders  are  sometimes  turned  of 

j* _ ...  .  ■  n  . 


diminishing  thickness  from  head  to  crank  end;  -  or  upper  part  of 
tne  cylinder  is  reinforced  by  stiffening  ribs. 
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i c Itn 0 s s  oi  "the  Cvt  in^pr*  -i  «. 

cons illdrat i ens  ofTtiffness  ifia  de+terrained  ^inly.  by 
be  free  from  deformation  ’*-+v,  .  essentlal  that  the  valve  seats 

an  aluminum  cast!™  "^asa  j  !f  °ylinder  head  ba°ked  * 

thLLiL  top:0°nrd::  s:  rr  vaive  seat  must  «~t 

lore.  f “““  cylinder 

*-  ~  vzi t:\TiTC2: 1"sth - **•  »*•*- . 

&  _ o f  A 1 1 a,c hm p n  +.  to  CranV  p3RO  -o  ± 

be  to  tip  +h=>  ,•  a  - ' - Best  method  seems  to 

g  the  cylinder  by  throucrVi  "hni  +0+4.1 

on  each  side  of  the  cylinder  “  •  U  + !°  th®  main  bearin6  caps 

distortion  of. crank  case  ’  1  ;1S  met^od  of  attachment  avoids 

^  engineS  «  -  necessarybto  provide 

ticns  of  weight!P°Sch  dSe- "  C“struction>  because  the  limita- 
and  demerits  of  the  different  built-up  forms'in'use"?1^^6  ”eritS  ? 
jljus trat i ons 

engines  TJ?***  °°nStrUCtion  used  in  260  B.H.-P.  German -Mercedes 

caSbSSVSS  barrel  Screwed  ft*8--1™  *»“*«*  planes.  High-  ' 
and  welded;  a  light  built ™  +  pressed  or  cast-steel  head  ' 

Requires  a  specialized  -i  ???  sh®et'steel  jacket  welded  over  all, 

and  well-cooled  guides  for  the^exhaus t&1  iti11  in  welding.  long' 

,  tor  the  exhaust  valves  are  a  good  feature. 

later  in  iso  tnd^o^H^0”???®-  in  early  Austro-Daimler,  'and 
Cylinder  barrel  aid  t”0re  six-cylinder  engines.  • 

inlet  valve  is  fitted  in  -  „ st  ln  one  piece  of  castilron,  but 

lower  end  cf  the  cylinder  barrel’8^-  d®tachabk'  housing.  The 
flange  for  the  holding-down  beft~  ihreaded  to  receive  a  steel 
deposited  copper.  Experience  and  'ate?  .  Jacket  is  of  electro- 

a  uniform  deposition  of  center  ?tdbfCautl°n  are  needed  to  ensure 
tron.  1  01  °°A?er  and  thorough  adhesion  to  the  cast- 

cteel  with  pressed-steei^iacket^611^”?  the  finders  are  all 
valves  in  the  cylinler  heats  2nd  inlet  and  exhaust 

ihackness  of  cylinders  Papers  f rnr^+v,  valve-seat  is  removable 

creases  again  at  tht  bottom!  °P  to  the  ffiiddde  and  in- 

stx-'cylinder  tnginls  u?efiV  th^t^T"7  tKeir  300  B.H.P. 
m  many  of  the  larger  aeroplanes  r  ZePPelin  airships  and, 

b  aeroplanes.  in  0ne  form  of  construction 
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jacket^i^rf^3'^  togather  with  the  whole  of  the  water  • 

screwed  and  sweated1!*??:  the  h«o<r  ■AvA*'!’00  ®teel  barrel  is 
being  sealed  by  means  of  a  rubW  * thS  •  1?WSr  end  °'f  the  '  jacket 
only  the  cylinde?  h?L  a„f  ™bdernng.  In  another  form/ 

are  cf  cast-i£oC  the  i TcLl  %UV*r\V0Tticn  of  the  Jachet 
seamless-tube  also  screwed  6+  °+v,the  ?arrel  temg  a  light 
as  the  liner.  o  the  cylinder  head  in  same  manner 

\  ’  *  *  *  ... 

tion  tTlstl  [n™he°ffevb^ite  $teel  and  cas  t- iron  icons  true  - 
screwed  rtth  but  r«f  • ThC  Steel  barrel  is 

comes  up  against  a  sCfl-bralt  waCher®  %3t'Ti°n  head  and 
machinett  forging  and  ^ater  jacket  is  a 

it  is  sweated?inS  ^  mv!  °"+to  the  cylinder  head  where 
bushings.  fhe  valve-stem  guides  have  cast  iron 

eylind??Sbarrel?nCylinde?  h?IdBe?ndCho?rtny'  a  1116  whole  of"  the 

cast  in  one  piece  in  Cast  Y^f’  f  holding-down  flange  are 
steel  jackeAis  electricallv  Cel  If*  Jhich  a  1  ight  pressed- 
ircn.  •  The  welding  is  a  difficult  prCble,^  °2- •to  the  oast  •• 

base'flange,  and  are  prCt idCd  wi' thVcC^f31”1  toWards  the  ' 
of  the  expansion  '  'flop  *..7-i  .  c nitrations  to  take  care 

the  base  CfthC  jacket  pfr  "Si8  taper  froni  «*»  top  to 

is  cf  cast-iron  reCt  I?  ™  °  e,n?iae  the  oyl inder ' head 

There  are  parts  for  two  !+  A®  cyllnder  is  of  steel.'  ’ 

The  steel  liner  screws  intC  ^:valvea  and  one  exhaust- valve. 

watertight  joint  by  bedding  iCtn^  A™  head  and  makea  a 

j  ueaamg  into  cement  m  small  groove. 

The  cn!nCC?Sba«eti°CndhrLiS  that  adopted  by  Rolls-Royce.'  • 
inlet  and  exhaust  valve  elbows^ar  orged  in  one  piece,  and  the 
pia°e>  the  whole  body  beingcCv^a  s£rewed  and  welded  into  ' 

flund4mOV3r<.a11*  This  is  I  f^n  o4  *y  pfe3sed-steel  jackets, 
tound  much  favor;  both  the  cvlind^,  °vutruotion  whioh  has 
•a  e.- jackets  are  built-up  out  Cf ’  1th,emSel7es  and  the  . 

r  ouv01  Sueel  by  welding. 

cylindM.3  all-steel  construction 


is 


exemplified  in  the  liberty 


screwed' “wel^lL^ClCfpCrtC  aCf  *?  a  plain  Nimble,  to 
a2d  -xnally  to  weld  over  all  a'  i  A*8ITe  guides  into  this 
lish1'0®  Hhin  shaet  and  made1up'  in^wo^6?1  • W4teT  dacket  press- 

«s  *8  !?&,“*  **  -  «; 
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(1)  It  is  appli cable  only  to  separate  cylinders, 

(2)  The  water  connections  are  attached  only  to  light-sheet- * 
meoal  jackets,  which  are  liable  to  crack  from  vibration, 

(3)  Freedom  of  design  is  rather  limited  by  constructional 
difficulties. 


whlchCcomSletePb?n;^Ctr0n  in  the  earlier  Sunbeam  engine  in 

their  cylinder  'S.0*?  °i  ®yllnders  »ere  east  in  iron  together  with 
Ihl  Ihoil  +Ch< 4?  and  the  upper  portion  of  the  water-jackets; 

covered~bv  li?ht  she!?  of  ^ .  caspng  below  the  valve  outlets  are 
as  the  onn  B*§  -d  "J"  meral  plates.  in  Sunbeam  engines,  such 

casthiniaumim™'wf+hh?”glnh  ^he  complete  cylinder  block  was 
abx  in  aluminum  with  thin  steel  liners  shrunk-in. 

ccrrl»teSet??iti+r  °Mth5  Hi?Pan°-Suiza  cylinder  block  in  which  a 

seats  i?  ???!hd  d  ?  e.?crmlnf  00th  the  cylinder- liner  and 'valve 
-o  screwed  directly  into  an  aluminum  cylinder  block. 

cont»'^°w?twir  ll”er.is  threaded  throughout  the  entire  length  of 

construction'  ?1UmlnU“-  d  The  aluminU“  jacket  is  a  block' 
liners  so  'tbit  tl0“r,  cylinders  and  completely  surrounds  the  steel' 
steel'  The  ?  w  ®  vaive  p°rts  go  through  both  the  aluminum  and  the 
r*  on  tart  Jf'  +  v1!  °  sea.  directly  cn  the  steel  thimbles.  Perfect' 
as  th^barrel  twowmetal!  necessary  at  the  cylinder-head  as  well 

?  4l  ii?er?  Ire  °f  water  with  the  steel  cylinder.  The 

th?ckni?ses0?ftme??ilie-heat  +  aS  to  paSS  throuSh  two  separate 
the  cooling  Wote?  -1'  ln  ,°°nta°t  only  be  screwing,  .  before  reaching 

with  excessive  ^rjt'es  °f  "***  f°r  dealing 


lh 


to--ethertwithithf  uLd?ffia  blocks  of . three- cylinder  heads, 

'.luEinum  with  ores'-ed -i nPh« "1  °n  of,tiie  water-jacket,  are  oast  in 
*d,  for  a  short  length  on?;  feat?t  -Into  «*eSem  screw- 

and  the  steel  1  inbrs\r  fr®  £ast  in  set®  of  tliree 

aast  alumindm'->ater  iSL?.f?r?hand  shrunlc  lnto  theM-'  Thin  die- 
The  lower  joint  between  ?  threes  are  boiled  to  the  heads, 

by  a  screwed  gland.  *  ’  a  umlnum  jacket  and  the  liner  is  made  " 

*  •  ^  ^ 

cylinders ^wi t h° braze d 1 mo n e 1 - me t al r j a c ke t s { 6  ha®  separatc  oast-iron 
"i on  is  embl cyed^ °th g  stppf  v-S  a  s el -aluminum  block  construe- 

•“ £”.3.5.“  HSTSJSS  K.2SS* 
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ltnp^o^pni0111^-  ®.c®n5ra:L  stud  at  the  top.  The  upper 
£?a  cC  J"r'ner  c±  enlarged  diameter  is  threaded  cn  the  rnfq-Mp 

^  ^linder  haad  ^  a  block  casting  ?nto  which  thl‘ 

six  cylinders  are  screwed.'  To  ensure  intimate  contract  the 

^fan^fcn 

stecfnTacr^tf^TiL a 

tightness  is  obtained  by  nackiL  betw^f^  °?  Space  only-  rater 
and  the  crankcase.  y  ‘a  icing  between  the  lower  liner  flange 

v*ich  are  fastened1?"  a^fcur^cylihder  iife^S  wi£!?  inteSftl  heads 
four  valve  seats  in  each  rvi  nder  alummum-hlcck  head  by 

on  th,  cylinders  si  top  Ldei.«^VSTS»?'!pl2.J^”e" 

f^Ple  and  easy"?  dwt  a«SinBt  lending  or  torsion  P  ??lf  °f 
u0  the  main  casting  astt  The  water  corm^  +  n crsi0n*  It  is 

h?®-s  being  of  very  { flLl^ licht  shee?-^?^  °®  *e ' secured 

lld  steel  and  case-haJS1  n®d  symmetrical  fttr  Jackets-  The 

ural  rigidity  the  cran?ened‘  To  ensure  the °rm  °an  te  made  frci 

a ckets  were  cast  in  a”koase  is  made  deen  th „  ax11,’num  of  struc- 
+  .  L  ln  one  m  the  cvlmrio-^  water 

'orm  an 

,  xurm-.no.  „ 

_  on  and  "bending 

•-a.h00led^yuJ3dersi  Problems. becomes  diff  ' 
longer  the  sole  consideration  v,  ■  J  lfferent-  w®ight  is  not 
lf  not  “ore  important  In  ’  S  oonduotivity  being  equally 

««-««-»  arc  n,ii„dc“ 

throughout  from  a  si„G3e  forging  Cylinde«  machined 

Clerg.et  engine  The  ,  USUally  USed* 

The  re  .„h  6  Gn°'me  oyTinder. 

e  -je  —hone  cylinder  m*  n 

i-^hihed  from  a  single  piece  o r°  +  ° "  cylinder  and  head  is 
liner  is  pressed-in*  steel,  but  a  verv  thiw 

ln-  construction  is  curious  dast-iron 
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in  o»ina.«  in  icMned  ».,el  and 

All-aluminum  cylinders  have  been  4. . 
but  there  is  doubt  of  their  dumbiTt  *ad.wlth  falr  success, 

tudical  expansion  increases  tauoet  h61r  oons iderable  longi- 

timing.  ~  tappet  clearances  and  alters  valve 

'lends "on  8®“Sf“toly  °°nStrUCtion  air-cooldd  cylinder  de- 

essent  al  0  Se  tTe  ^  •' t!"®#ratu« ■  *«,  overhead  valves  it  is 
ai  1,0  raaice  the- cylinder  hpnri  *u 

p  »  n  ,  .  J  r  nead  of  the  best  conductor. 

K.A.h.  cylinders.  Cylinder  nf  +vh-v  i 

steel  cast-in  valve  seats  «n/+3  !  aluminum  casting  with 

mum  permissible  w  v  ^  d  thl”  3teel  llner  shrl-’=>k-in.  Maxi- 
permissible  working  temperature  is  bel.w  300°  C; 

resulting  in  overheat in^f  b°dy  gradually  failed- 

abandoned  in- favor  of  an  i  •  ln®r’  ThlS  f°rm  °f  construction 
steel  barrel.  a  Umlnum  head  cast-in  to  a  plain  ribbed 

Tests  show  that  the  ?n 

consumption  and  lower  brake  *  °ylinder  gives  hiGher  fuel 

cylinder.  With  an  al  •  pov,er  than  cces  the  aluminum-headed 

contact  after  a  few  hours 'Tunning  °ylinder  impairs  the 

being  firected  against may  arise  from  the  cooling  air  blast 
With  iJu"  Slde  of  the  cylinder. 

ticn  of  air  flow“  JhfdLT  “d  comParatively  uniform  distribu- 
haust  side  will  be  Ihe  hott^t10"  1S  n0t  notioeabby  less.  The  ex¬ 
uniform  than-with  ctrc^e  ;  TV"6  temp-atu-  **  be  le-ss 
exhaust  side.  Furthermore  ^  ^  ^ S  and  a  f2DB^  blast  cn  the 

••  :t  *?  ~  •««-  - 

-ms.  rtlon  as  uo  circumferential 
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MSTOKS 


P®  plston  serves  a  triple  function,  -  forms  a  rao-vable 
TOli  of  the  combustion  space;  receives/transmits  gas  pressures 
u0  the  connecting  rod;  and  forms  a  crcsshead.  - 

High  degree  of  gas  tightness  is  essential;  -  not  easy  to 
1,la  e  pi®ton  gas-tight  within  the  cylinder-bore.-  Pit*  of  piston 
cannoo  be  depended-upon  to  insure  gas  tightness;  and  flexible, 
split  rings  are  inserted. 

Pic  cns  should  be  as  light  as  is  consistant  with  reliability 

c.nd  dL.reb_.i.ity.  The  length  of  pistons  used  have  varied  much. 

Long  pis-cons  have  the  advantage  of  mere  surface  to  take  the  wear, 

but  the  disadvantage-  of -greater  weight.  The -short  piston  has 

been  found  to  wear  well,  -  the  lighter  it  is,  the  less  is  the 
wear . 

.  Broadly  speaking,  the  main  objects  to  aim  at  in  the  design 
Cx  a  piston  for  an  air  plane  engine  are:- 

1)  To  reduce  friction  to  the  lowest  possible  limit. 

,2)  To  reduce  the  weight. 

j]\  dlssipate  heat  to  the  walls  of  the  cylinder. 

U)  To  prevent  the  passage  of  oil  into  the  combustion 
chamber . 

(5)  To  provide  adequate  support  for  the  wrist  pin. 

Conditions  1  and  2  are  largely  interdependent.  The  resolved 
component  of  the  inertia  forces  exceeds  the  gas  pressure;  hence 

l  Veig  1S  reduced  "the  average  bearing  pressure  is  reduced; 
xcr  same  bearing  pressure  per  square  inch,  and  therefore  for  same 

durability,  the  area  of  bear ing-surface  may  be  reduced  nearly  in 
proportion  to  the  weight. 

Piston  friction  is  dependent  also  on  the  nature  and  condition 

"  011  adheriag  t0  the  cylinder  walls.  Conditions 

dlfferent  than  for  bea-ings;  although  the  rubbing  velocity 

is  higher,  the  average  load  is  slower  and  small.  The  area  of 

surface  and  the  viscosity  of  the  lubricant  play  an  important  part. 

far  AS  a  rUle’  pist0n  friction  constitutes  by 

far  the  largest  item  of  mechanical  losses. 

oil  fit  pston  f~iction  is  probably  the  shearing  of  the 

forbid  T  !  Ween  the  Cylinder  and  “d  the  bower 

oDocrbed  is  dependent  upon  the  thickness  of  the  film,  the* viscosity 
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cf  the  oil,  the  area,  and  the  sneed. 

is  S!tiC;'betWeen  the  Cylind-  «<*  piston 

g  than  for  bearings,  -  probably  accounted  for:- 

of  thf  lubSoant!UPPly  °f  1UbrlCant  aS  comP«ed,  and  thickeneing 

of  theIfoUewnfiy  f  0U  be  pr0fUSe’  S  c°nsWerable  proportion 
tain  nn  1  !  1  flndS  ltS  way  int0  the  combustion  space  A  cer 

and  tScSLa?n.f  thS  1Ubri°ant  WiU  partially  carbonized 
SreaLd  ’  “d  reSlStanCe  *ear  is  thereby 

and  the^ovv^  +“°  ****  ^  Clearance  betwe^  trunk  of  the  piston 

ant  with  WallS  d0Vm  t0  the  ^west  possible  limit  consist- 

ant  with  leaving  provision  for  expansion  and  distortion. 

-f  an  unduly  large  clearance  is  permitted  * 

one  side°ofWthe  cylinder^all  t°  Ih*  piSton  crossinS  violently  from 

There  wil  b  n  I  other*  53118  may  be  s^i°us. 

ln£>  0x  piston  which  is  objectionable  as  it 
oauses  the  rinrs  to  ^  .  oujeutionaDie,  as  it 

When  rina-  grrnrvp-  y,  their  grooves,  and  soninduces  wear, 

piston  and  the  rvl  .eC°me  worn  burning  gases  pass  down  between  the 
piston  and  the  cylinder  walls  at  a  rate  sufficient  to  carry-off 

much  of  the  lubrirntino-  y  01 1 

sirabla  +n  ^  ,  g  011  and  carbonize  the  remainder.  De-  • 

The  nist°V1  e,a  Ventdo°nflse3  which  pass  the  piston  rings. 

'  °n  an  cylinder/remain  truly  circular  when  heated 

a  ceitam  amount  of  distortion  always  occurs.  Distortion  of -the 

p  on  is  generally  due  to  the  wrist-pin  and  wrist-pin  bosses; 

the'  pis£n!S  Can  ^  larS6ly  aV°ided  by  cuttinS-away  the  sides  of 

of  passage"^ fS0il-the  .rlngs  in  their  grooves  is  a  fruitful  cause 

pas?  the  rings!  &  r6VerSal  °f  the  piston  oil  is  Pa™Pad 

c^r  an  c  e  s  hould  b  e  vp  ■*"»+  0  o  c  m  ->  1 1 
the  distortion  +i  +  ^  P  SInall  as  1S  consistant  with 

able^clearance  «eat?  eVilS  attenda;lt  upon  oonsider- 

!runk  ilv  be  slf  a ^  °UtWelgh  thG  advantages-  Portion  above 

m i ntain^the  Sst^n  clearanoe>-  its  chief  function  is  to 

hotter  greater  e^Lna?®8  ln,hla0e;  and  since  this  portion  is  much 
„  ’  greater  expansion  and  distortion  takes  place;  must  net 

come  in  contact  with  the  cylinder  walls. 

wall  in  ere  ase  °  °  ?  J"  redfed  ^  the  temperaturc  of  the  cylinder 

-vail  increases,  unction  of  the  cross-head  portion  varies  nearlv 

as  the  square  of  the  speed  and  other  conditions;  therms  a  c« 
am  amount  of  constant  friction  due  to  the  pressure  of  the  piston 
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» 


"  f’  ^°n  13  indent  on  the  stiffness  of  the  rings,  and 
SO  long  as  the  rings  are  free  in  their  grooves  it  is  nearl^  . 

sic^afto^rL^ti3116^  °r  +°ther  °onditions-  Much  misapprdhen- 
P  p  ion  o.  piston  friction  due  to  piston  rings,  v 

nis?^S  “T4  t0  m°re  than  about  °*3  lb.  per  square  inchoof 
piston  area,,  and  is  often  even  less. 

Area  of  bearing-surface  of  piston  has  a  considerable  influence 
on  piston  friction;  opinions  differ.  All  that  is  accomplished  • 
y  increasing  bearing  surface  is  to  transfer  wear  from  the  piston, 
question  of  bearing  surface  from  point  of  view  of  wear  is  in¬ 
timately  bound-up  with  proportion  which  inertia  pressures  bear  to 
gas  pressures.  Advantageous  to  reduce  "bearing  surface  to  the 
lowest  possible  limit. 

Piston  friction  can  be  sometimes  reduced  by -drilling  holes 
in  the  walls  of  the  piston,  and  entrapped  oil  to  escape. 


Some  designers  consider  it  desirable  to  remove  all  inoperative 
surface  in  order  to  reduce  the  area  of  oil  film  in  shear;  relative¬ 
ly  small  area  of  bearing  surface  suffices.  Pistons  do  not  seize 
from  overloading  of  the  bearing  surfaces;  piston  seizures  are 

due  to  insufficient  allowance  for  expansion  or  to  distortion  and 
to  complete  failures  of  oil  supply.  The  waar  with  cast-iron 
pistons  is  mainly  due  to  piston  rings* •  In  the  case  of  aluminum  * 
alley  pistons  it  is  somewhat  different,  because  of  lapping  effect. 

Piston  Weight.  Piston  must  be  as  light  as  possible  in  order  to 
keep  down  inertia  forces,  and  must  be  thick  enough  in  the  head 
tc  conduct  the  heat  away  rapidly  from  the  center  to  the  circum¬ 
ference.  With  cast-iron  pistons,  reduction  in  weight  has  result¬ 
ed  in  many  troubles,  especially  in  burning  and  cracking  cf  piston 
head.  - 


•With  cast-iron  pistons,  the  total  reciprocating  weight  may 
be  0.42  lbs.  per  square  inch  of  piston  area; -with  aluminum  pistons 
this  weight  may  be  reduced  to  about  0,22  lbs.;  per  square  inch 
cf  piston  area. 


Weights  cf  modern  cast-iron,  steel,  and  aluminum  pistons 
compl  ete. 


f 

i 

J 

Pi  ameter 
lin  ins . 

. . 

f 

Weight  in  Lbs, 

Heavy 

Cast.  Iron 

■  .  • 

Steel  (welded) 
cf  screwed 

. ----- . - 

Al uminum : 

Short  and 
Slipper  Type 

4  ’ 

3:85 

2:4 

1.00 

5 

5:95 

3:9 

!  6 

8.65 

6,0 

4.90 
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It. 


is  necessary  to  consider  the  heat 


Dissipation  of  Tip  at., 
dissipation. 

The  heat  from  the  crown  of  the  piston  is.  disposed,  of  - 

iil  ^hrcugh  the  rings  to  the  cylinder  walls. 

trough  bearing  surface  to  the  cylinder  walls, 
j  ic  uiie  oil  and  air  "below  the  piston- 

There  is  evidence  in  support  of  the  theory  that  the  bulk  of 

heat  passes  to  the  cylinder  walls  via  the  piston  rings;  heat  can 

on  j  e  transmitted  rapidly  to  the  cylinder-walls  through  the 
skirt  or  bearing  surface. 

frcpcrticn-cf  heat  carried-away  by  the  circulation  of  the 

air  and  oil  below  the  piston  need  not  be  taken  seriously  into 
consideration, - 

host  important  consideration  is  transmission  of  heat  from 
the  center  of  crown  to  the  circumference.  In  order  to  facilitate 
his  . heat  transmission,  the  crown  should  be  made  as  thick  as 
pos  si  ole  consistent  with  the  weight  limitation,-  and  the  conductivi¬ 
ty  ci  the  material  should  be  as  high  as- possible,  Aluminum 
alleys  have  come  into  vogue  for  pistons;  not  only  is  their  weight 
c.bout  on e ^ t*i i rd  that  of  cast  iron,  but  their  conductivity  is  about 
live  times  as  great,  With  s.uch  alloys  the  rate  of  heat  trans- 
mis  oi.cn  is  so  high  that  there  is  no  need  of  making -the  crown  of 
the  piston  any  thicker  than  is  needed  for  strength.  •  ■ 

Since  heat  is  dissipated  largely  by  condition  to  the  cylinder 
walls  the  eenter  of  the  piston  gets  much  hotter  than  the  cir¬ 
cumference.  This  large  difference  of  temperature,  and  of  expan¬ 
sion  between  the  center  and  the  circumference,  introduces  serious 
stresses.  There  is  also  danger  that  the  center  will  become  so 
hot  as  to  cause  preigniticn.  .  . 

Results  of  experiments  by  Professor  Cocker  follows: 
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Hopkins on  on  a  Siddeley  engine  shows  the  cast-iron  piston 

head  temperature  as  over  900”  F.  With  aluminum  pistons  this 
temperature  is  much  less,  • 

Heat  received  at  the  center  of  the  head  must  pass  to  the 

circumference,  and  this  should  he  provided  for  either  by  adequate 

hickness  of  metal  from  center  to  periphery  or  by  provision  of 

radial  ribs  which  serve  the  double  function  of  heat  carriers  and 
stiffening  members. 

ZhlZerences  in  Expansion 

v/e  ta-ce  difference  in  the  temperatures  of  a  cast-iron 
pisuon  head  and  the  cylinder  wall  as  550°  F. ,  and  with  a  coeffic¬ 
ient  of  expansion  of  0.000,00556,  we  have  for  every  inch  of 
diameter  an  expansion -of 

e  =  0,000,00556  X  550  =  0.003” 

c- ^  difx  erence  of  temperatures  of  piston  trunk  and  cylinder 
wa^ls  of  130°  F.  we  have  for  every  inch  of  diameter  an  expansion  oi 

e  =  0.000,00556  X  ISO  =  0.001” 

ihe  piston  should  be  stepped  or  tapered  to  meet  this  condition 
Example : 

For  aluminum  pistons  in  cast-iron  cylinder,  if  we  take  the 
increase  of  temperature • of  piston-head  as  560°  F.  and  that  of  the 
cylinder  wall • as  160°  F. ,  and  with  a  coefficient  of  expansion  of 
aj.  mu  nun  of  0.000,01234,  we  have  for  every  inch  of  diameter  an  ex¬ 
pansion  allowance  of 

e  .=  0.00001234  X  560  -  0.00000556  X  160  =  0.006” 

Foi  an  increase  of  temperatures  of  piston  skirt  of  275°  F. 
we  have  for  every  inch  of'  diameter  of  expansion  an  allowance  of 
e  =  0.00001234  X  275  »  0.00000556  X  160  =  0.0025” 

Exampl e : 

Za5Sage.,^f_0il  into  the_Combust ion  Chamber.  One  common  form 

01  trouole  with  high-speed  engines.  Passage  of  oil  past  the  piston 
rings  is  due  to  the  following: 

.  ,d)  Oil  is  forced-up  against  the  rings  on  the  downward  stroke 
ci  cne  p  1  s  o 0 n . 

(2)  The  nation  of  the  piston  rings’ in  their  grooves  tends  to 
pump  the  oil  into  the  combustion  chamber.  ' 

To  prevent  the  passage  of  oil  into  the  combustion  chamber,  the 
following  considerations  should  be  taken  into  account*- 

(1)  The  setting-up  of  a  hydraulic  pressure  can  be  prevented 
by  perforating  the  bearing  surface  of  the  oiston,  and  also  bv 
venting  zne  piston  just  below  the  bottom  ring. 
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fun cti  oL' veles^oU1^!®^8  ^  dowlwards  each  ring 

In  order  to  reduce  this  pumping  as  far  as  possible  - 

(1)  The  rings  should  be  made  as  close  a  fit  in  their 
grooves  as  possible.  "  uelr. 

>?<  ri?ntJng  should  be  provided  below  the  lowest  rinm 

3  thrcuahdthey  f'urther  cheched  by  drilling  holes'  ’* 
through  the  ring  groove  behind  the  lowest  ring. 

chamber W1CletPread  ^  passaSe  of  oil  into  the  combust! o 

fanaoicu"  fPentHnt  °n  SU°ti0n  in  the  cylinder:  the  theory  is 
“  ’  f°r  the  actual  entity  of  oil  passing  the  rings 

or  ne‘  M1°V  ,  !.8Peed  alone'  ™en  an  engine  is  running  at 
is  v,  r'n  ,  ,  +P°ad’  011  passing  intc  the  combustion  chamber 

turet  .  W1^.  fUel:  When  runninS  light,  the  flame •  tempera 
'"Ure  13  lnSUfflcient  to  burn  the. oil  and  it  accumulates. 

lubricating  cil^is^burned  ®"gine>  aocut  90%  of  the  consumed 
m1' n inf  the  ere  16  oylln<3er  as  fuel,  when  deter- 

taZ  anV  °f  aU  6nSine’  the  h0Urly  consumption  both 

..nSr*  ?Qst.:,11r?n  \nt° in 

-  give  a  fictitious  "o^06  ““  ^ 

low  De8iraMe  features  cf  piston  -tal  are,- 

O.r.d  Slight  dee"  e-.pan  s  ion,  light  weight,  high  heat  fionductivi 

wear  -and  at  high  temPeratures,  resistance  to 

ircn’^r  of  manufacture .  Petals  in  common  use  are  cast- 

“  uminum-  Relative  advantages  of  caet-iron  and 

malteTof^c-30  *a“°ed  and  their  -is  so  much  a 

s  ^  "  1&n  anu  Production  methods-  that  neither  can  be 

o  ou  class  the  ether  by  a  wide  margin. 

Table  giving  characteristics. 


Metal 


k!  turn  in  urn 
fCas  t-  Iron 


height 
1  bs .  pe  r 
cu. in. 


0;0924 

0.2600 


Melting 
..Point 
^‘egree  P. 

Tensile 
Strength 
lb:  per 
sq.  in. 

Coeff ,  cf 
Linear  Lxpan . 
per  deg.  F. 

1200 

23  0  0 

15000  1  0:00001234 

20000  j  0, 0000556 

Bela  live 
Heat 
Conduc¬ 
tivity 


3:s 

l. 


t 

* 

■ 


. 
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On  the  score  of  light  weight  and  high  thermal  conductivity 
aluminum  possesses  a  decided  advantage,  but  in  other  features 

does  no"  nl°r‘t  “  13  alS°  ffiore  susceptible  to  abrasion  and 

and  the  wist  t.Such  a  £°od  bearing  surface  to  the  wrist  pin 
ana  tne  piston  rings,  .  * 

mort,f.^e”gth’  hardness>  and  coefficient  of  expansion  may  be 
taAl  l \  7  properly  allying  and  casting.  A  popular  alloy  con- 

entirelv  a?6"-  and  14  per'cent  C0PPer-  the  remainder  almost  ■ 
entirely  aiumrnum  mth  very  little  tin,  magnesium  and  manganese 

o  zinc.  A  sand  casting  of -this  alloy  shows  an  ultimate  • 

..ns ile  otrength  cf  20,000  lbs.  per  square  -inch  of  480°  F.  and 

.2 , 000  lb.  per  square  inch  at  660°  F.  The  add  tion-of  the  copper 

rings  the  weight  to  about  0.107  lb.  per  cubic  inch.  •  The  strength 

is  mereased  by  casting  the  metal  in  permanent  molds.  Another 

oy,  ..hich  io  conceded  to  be  most  satisfactory  is  composed  of 

copper  4  per-oent,  nickel  2  per-cent,  magnesium  1.5  per-cent,  and 

S2'5  The  chilled  casting  has  a  strength  of 

<zo,000  lb,  per  square  inch  at  60°  F.  This  alloy  responds  well 
co  -eat  treatment  with  an  improvement  in  physical  properties, 
tv.a  0\?  Properties  of  cast-iron  pistons  are  also  benefited  by 
“  ltsble  addition  of  certain  elements.  The  addition  of  0.1 
cer  cent  of  vanadium  increases  the  strength  from  10  to  25  per 

cent,  toughens  the  metal  and  produces  a  uniformly  fine  grain. 

^  A  high-grade  piston  casting  should  have  an  ultimate  tensile 
used”Sth  °f  26’°00  lb‘  per  S(3uare  inch.  Semi-steel  b  sometimes 

to  ^uminum  pistons  have  sometimes  given  trouble  owing 

.  ^  0  e  particularly  at  the  juncture  of  the  • 

‘  run"'  and  head:  pistons  have  broken-away  at  this  point, 

i  e  de  eot  has  been  remedied  by  casting  the  pistons  in  metal  dies. 

m„_  ^—L^r^tment,' p f_Piston .  An  important  factor  in  piston 

U  Ur®  is  tile  reduction  of  the  internal  stresses  in  the  metal 
,U  lng  ircm  3hrinkage  while  cooling  in  the  mold;  is  formed  with 
a  ary-sand  core,  as  is  the  usual  practice,  this  core  maybe  sc 

"“iQ  aS  °  prevent  the  free  contraction  of  the  piston  while  the 
..c  .ai  is  solidifying  and  the  walls  will  therefore  be  in  a  state 
°i  ‘•ension.  On  account  of  the  stresses  being  unequally  distribute 

1_  3  plSton  is  finisbed  in  this  -  condition,  it  will  gradually 

7p-rP  as  the  stresses  are  relieved. 
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^^i”J!aTaliZir-S''  iS  hastened  by  suitable  heat  treatment.  . 
nh: ;  y prcoess  for  cast-iron  is  to  ^e  a  roughs  out 
f  ,  -  e.eX.  eri0r  of  tas  plston  to  £  temperature  of  -800°  F. ,  hold 

ui  ltos  ana  all0W  t0  0001  Slowly  in  the  furnace.  Aluminum- 
S 7* t V  normal lzed  either  by  immersion  in  oil  which 

hours  atlhe  !emp^Rture  of  475°  t0  575°  by  baking  for  several 
.  ou_ s  at  the .. oame  temperature,  or  by  annealing  at  750°  to  850°  F. 

t’i<=  Hitin  !  *^Per  cent  copper-nickel -magnesium-aluminum  alley, 

a  e  ',ensile  strength  may  be  increased  30  per-cent  by 
F  +v  treatment-  After  a  Protracted  heating  at  950°  to 

have  h  !  rSUne  18  h6ld  at  S00°  F-  fcr  48  hours  in  a  nitrate 

4  hour^  at  AAnoV°iline  Wat6r  °r  oil’  and  finally  tempered  for 
-  ou_o  at  480  F.  The  resulting  tensile  strength  is  apnroxi- 

-t  -ac°2-,0°0inlbS'  Per  in°h  St  6°°  F-  and  23’000  lb-  Per  sq.  inch 


-L'  • 


„,4p  f®°entJ,y  "early  a11  aero-engines  have  been  fitted  with  pistons 
made  throughout  of  aluminum  alloys.  The  objections  to  an  all- 
aluminum  pis-. ton  are:- 

^  the  hlfh  rate  cf  expansion  with  temperature 

t  clearance  must  he  allowed;  this  causes 

a  knock  when  the  thrust  is  reversed. 

^  ?ermits  particles  of  grit  to  he  embedded  innit, 

and  causes  wear  cf  the  cylinder  -walls. 

^  ^+^1xlilinUm.-lcaS"tln?s  are  iiable  both  to  grow  and  to  dis¬ 
tort,  sc  tn at  still  more  clearance  must  he  allowed  on 
this  account. 

In  addition  to  reduction  in  weight,  by  substitution  of  alumi¬ 
num  alloy  fcr  cast-iron,  the  aluminum  pistons  carry  a  much  lower 
temperature  due  to  their  greater  heat  conductivity. 

The  lower  temperature  of  the  aluminum  piston  reduces  the 
rise^  m  xemperzture  of  the  incoming  charge  during  the  suction 
stroke  and  thereby  increases  the  volumetric  efficiency  of  the 
ei,0 ine ,  an^  it  permits  tne  use  of  a  higher  compress  ion  r  at  ic  with- 

eut  danger  of  preigniticn  and  thereby  increases  both  the  capacity 
and  eff  iciency  of  the  engine. 

An  appreciable  gain  in  power  output  and  thermal  efficiency 

y  obtalned  ’oy  substituting  prop  rly  designed  aluminum  pistons 
for  the  ordinary  cast-iron  ones. 
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at  thfsaar^eed'^air^p-ov'n^t”^  T°T  V  15  *"  cent 
piston  friction,  which  is  -bouton  *  “  dUe  t0  th°  recluced 
due  "to  the  lower  tcta  f  P°r  °ent  lower  and  is  also 

one-half  of  the  ca^lo^Sr116  WhiCh  iS  only  *>«* 

The  improvement  in  the  thermal  c.-r-r<~< 
setter  heat-conductivitv  cf  the  t  L  °y  13  due  to  the 

neat  is  better  dissipated.  ;lnUm’  so  that  tlle  surplus 

cast-ircn^thin  ^  *ithoUt  ribs^  ^ns, 

to  head  and  resting  on  middle  of  wris^lin-V  PUlar  riVOted 
ribbed  construction*  w-i  «=  r.  pln’  Senze>  aluminum, 

thick  ****  Curtiss 

Bplit  pistons;  Composite  ' pis tcnsf *  With°Ut  ribbi^‘ 

to  prevent  disSrtion/Jfi” ‘desirahlft  *°  W6ieht  and 

as  directlyas  possible  from  Zu  1  °  t'ransmit  the  pressure 

nco ting- rod.  In  the  desLn  of  °"  **  pi3ton  *>  con- 

vertical  transverse  r<bs  wnshA,  °frdo  Sllpper  Vision  two  main 
the  wrist- Bin.  the  s'^cs  S  t"o  "  fr0a  the  head  to 

■aray  below' the  lowest  Ld'th^b  bee”  entiroly  out‘ 

nuced ,  It  represent-  -o-r  ’  tf  *  bearinS  surface  is  much  re- 

and  it  has  been  much  used'  il  Zrytit^Tl  V°SSihle  «“■*»««<» 

light  weight,  low  friction  loss  andt-n peed ,e"glnes >  where  its 
iK've  rendered  it  of  e-m* t  1-resisting  properties 


■&  van  tag 


^  • 


g.vmg  the  results  of  test-  nn  a  -r 
4"  X  5-1/2"  online  ,  on  a  lour-cylmde-r- 

'  engine  .uted  with  cast-iron  and  -  , 

~orj  anci  slipper  pistons. 
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The  crosshead  portions,  or  the  slippers,  of  this  type  of 

piston  in  some  constructions  have  been  made  of  cast-iron,  the 

tv/o  portions  being  bolted  together  or  made  to  trunion  about  the 
wrist  pin. 

Piston  Ifiinck,  Owing  to  large  clearance  with  aluminum 
pistons,  it  is  difficult  to  obtain  quiet  running.  Various  de¬ 
vices  have  been  experimentedmwith  in  endeavour  to  overcome  the 
trouble,  -  pistons  of  small  normal  clearance  witfi/s jirts ; 
springs  between  connecting-rod  and  piston;  wrist-pin  out’ of  * 
center  in  the  piston;  bearing  surface  severed  from  the  crown.  • 

Pone  of  the  methods  solved  the  difficulty  of  piston  knock, 
and  it  is  probable  that  where  extreme  quietness  is  required  it 
is  better  to  employ  cast-iron  for  the  bearing  surfaces  in  all 
e.-Ccp  t  vciy  small  pistons.  With  all-aluminum  it  is  necessary 
a  Cle^rcince  on  the  bearing  surfaces  of  approximately 
*  ^er  diameter .  '-'hen  the  tota,l  clearance  ex- 

cecas  0.005  in.  to  0.006  in.  piston  knock  becomes  audible; 

all -aluminum .pistons  up  to  3  in.  can  be  made  to  run  quietly, 

but  above  3  in.  diameter,  it  is  extremely  difficult,  to  ensure 
quiet  running; 


Ur ton  Dimensions , 

Piston-head  thickness. 

is  the  maximum  gas 


Thickness  =  t 
pressure  and 


d 

Z 


P 

s" 


S  the  safe  working 


mere  -P 
stress , 

Por  cast-iron  pistons, 

t  =  0i075  d,  at  the  center* 
t  =  0.1  d,  at  the  barrel. 

If  the  piston  is  ribbed. 

t  =  0 . 06d 

where  d  is  the  inside  unsupported  diameter. 

Por  aluminum  pistons,  the  thickness  would  be 
greater. 

% 

The  thickness  is  for  strength  only. 

Increased  dep  th  of  metal  at  the  walls  is  of  advan  tage  •  not 
on?.y  for  strength  but  also  for  improved  heat  conductivity-. 
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Several  empirical  formulae  for  thickness  of  piston  heads* 
they  are  of  little  value, 

I-l3ton  ?In«  The  form  and  dimensions  of  the  piston  are 
determined  to  no  small  extent  by  the  piston  pin. 

To  calculate  dimensions  of  the  piston  pin  we  would  consider 

e  pm  as  a  bearing  journal  and,  as  a  beam  supported  at  both 
enc. s  and  leaded  uniformly* 

A  hollow  pin  is  preferable  to  a  solid  one; 

The  pin  may  have  a  running  fit  in-either  the  piston  or  the 
connecting  rod  or  it  may  float  in  both.  Since  it  receives  the 

Wok283”!  and  thc  piston  inertia  forces  through  the  piston 
coses  ana  transmits  them  through  the  rod,  it  must  be  of  liberal 

diameter  to  prevent  rapid  wear;  thc  diameter  should  be  sufficienl 

y  oc-rge  to  reduce  deflection  of  the  pin  to  a  minimum, 

t0  theThcndsrforfithkPin  18  sometimes  increased  from  the  center 
vo  me  ends  tor  lightness. 

.  .  pln  'LS  held  faSt  in  the  Pist°n  it  is  assumed  that 

,;f  1  ln  'bosses  would  be  equivalent  to  fixing  the  ends 

a,  beam,  a  pm  designed  on  this  basis  will  gradually  worrit! 
self  loose  in  the  piston, 

Various  methods  of  holding  the  pin 
in  the  piston-bosses.  One  end  only  is 
held, 

Vhen  the  pin  is  held  by 

the  rod  the  connecting-rod 
end  must  provide  a  ri^id 
anchorage , 
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Uethods  Cf  holding  a  full-floating  wrist-pin.  The 
v  r  1  s  t  pin  uoaring  should  never  give 
trouble,  nor -show  measurable  wear, 

ox ovir.ed  "tPiG  T)in  i  q  +  *u 

i^xa  13  sxiii  enough  to 

resist  defl ecticn • and  is  ade¬ 
quately  supported.  Trouble  with 
this  bearing  is  almost  invariably 
due  to  deflection  of  the  pin. 

Although  the  pressure  on  the 

SsI;2  "ceSdefis+high’ the  ^Mng  veiocity  is  «d 

c  a''  cragc  load  factor  is  not  hio-h  t-p 
tributed  unifomly  over  the  surface' 'cA  *  P^^urc  is  dis- 
wear  and  the  risk  of  spivn-*v>  <2  a ? ?  ohe  bearing,  the  rate  of 

the  bosses  may  2  r  r  d  their  2  22  Sma11'  ' 

Deflection  of  the  2ist  TiTLT  "°  th°  piSton  iS  not- 

excessive  and  witc%Jf?M  22  Pressure  is  frequently 

the  twe  2"  °  sui f xcxent  to  concentrate  the  loading  on 

either  that  22  °nas  of . the  Scaring. .  It  is  of  utmost  importance 
crown  -t  ,  2  l  riS  Pln  Sha11  reccive  its  load  from  the  pistor 
’mihllow  S°iS  d&r  dS  CCnter  aS  the  connecting-rod  hearing 

the  t--n  dk  ltS/lamet0r  Sha11  bc  such  that,  when  loaded  at 
.  '  ±emo  cnds  there  is  nc  appreciable  deflection.  For 
engines  of  normal  compression,  the  diameter  of  the  wrist-pin 

"2222  °nu  quartcr  that  of  the  piston.  Unless 

bearinr  at  k  larg0  dlfmcter''lt  is  useless  tc  provide  a  wide 
1  f t  the.  connecting-rod.  In  Ricardo's  opinion  it  is  doubt 

o  35  of  the  StUSeran  2  ffiade  of  a  bearing  width  exceeding 
2 °L  l  cUametcr.  Tendency  to  wear  the  pin  oval  can 

,  +  °r‘lC  y  usc  0±  a  1  ioatmg  wrist-pin  which  permits  the 

the  p°istcnnbosesfsy  ^22  ??°  voting-rod  bearing  and  in 

of  fixing  it  in  the  pistol.  2  WriSt  P1H  removos  difficulty 

the  2vni  With  fUU  n°ating  WriSt  pinS  in  an  Aluminum  piston, 

^he  aluminum  bosses  expand  and  the  pin  becomes  free. 

sudden^eS-Wf116  Wrl8t  pin  giveS  rise  to  a  knock  at  the 

knocking  once2eri„s  i!SUre  &t  ^  end  °f  the  8tr<*e.  **en 

oncc  oe£lns  it  increases  rapidly. 

override  ^  TOiSt  pin  Surface  hardness  should 

hard  surfa2.  case-hardened  steel  should  give  a  glass- 
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Fi-tern  Rings .  Piston  rings  are  made  of  cast-iron  fully 

suSace  ’anT^hf0^  3Ue  °"  the  edges  and  outer -cuiwd 
If  and  uBually  peer.ed  on  the  inner  curved  surface. 

ree  rings  are  commonly  used,  but  four  rings  are 

1  °na  y  Seen;  also’  two  "arrow  rings  have  sometimes  been 

ed  near^he”^  ^°0Ve'  A  scraPer  ring  has  sometimes  been  employ- 
CQ  near  the  bottom  of  the  skirt. 

Plston  rings  have  three  important  functions,  (l)  They  form 

oylinderfC"ln(2)tTheyeconstituteSthetWeen  ^  pi3ton  and  the 

transfer  between  +, 4  c?nsiitute  the  principal  path  of  heat 
they  prevent  the  Md  the  oylinder  waU,  and  (3) 

combusticrohSer?33366  **  ^  ^  «“*-»“•  the 

unbro^en^unfke^03^  Antle*  the  ring3  should  present  a  continuous 

firmlTan^  ulTr  t  gaSe  in  the  cylinder,  they  should  bear 

fit  closely  in  Y  ae&lnSt  the  cylln(ier  walls  and  they  should 
xxu  cioseiy  in  the  grooves. 

rirv-TiT thfhS  ar!  °Pen  t0  the  floW  of  gas  or  of  oil  pane  the 
,  g  *  l1'  the  gap  where  the  ring  is  syit-  (o' i  ,  „ 

which  engages  the  cylinder^!!  4d  °  Goritact  face 

the  ring  and  -the  groove  my,1,  d.(j)  the  clearance  between 

«  or  S  ft”™’  “•  “  WWK*  *»  *»•  «1« 

-ace  of  the  rinv  agai  n^  t  the"  n  1ihe.acouraoy  of  fit  of  the  bearing 
hearing  pressure  have  great  c4‘m  ^  ^  ^  unlfornity  of  the 
is  new  the  cl  ea-arce  i  n  t  UP°n  ^  the  Pist°" 

Eccentric  R--  -  .•  ^  groo1'es  may  'De  as  low  as  0.0015  in. 

c-nd  a  greater und e r S i t ^at  ° +>, Slde®x rf ace  against  the  grooves 

top  side.  So  pressure ^gets^into^hl'1"6  *“U  ,lo“  “  itE 

to  friction  and  wear  lb  rlng  groove>  adds  materially 

he  made^ and  secure ^gas  ^  W  «  ^  *S  C“ 

sometimes  modified  by^lttinas tl0n  °t  ringS  is  dually  r  ectangular; 

^  -usings.  .  in  such  cases>  width  Qf  the 

bearing  surface  is  narrower  than 
_  _  ring>  and  the  unit  bearinr 

J  \  pressure  against  the  cylinder  is 

increased. 
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bpecial  Forms.  •  Ring  "beveled  on  one  side,  and  assembled 
with  a -steel  spring,  behind  it* 

T . N ;  T ,  Rings  with  initial  torsion 
or  twist.  ^Compound  Rings;  the "Lealcproof "  ring,  one'i'ing  has 

an  outward  flange  and 
j;;  ijj  the  other  an  inward 

Vis  ,VY  flange. 

Piston  rings  are  seldom  pinned  to  prevent  rotating;  change 

of  rings  rotating  is  small. 

Gap  is  usually  made  by  ar  diagonal  cut  at- an  angle  of  30° 
to  45°;  stepped  or  lapped  ends  sometimes  used. • 

Uecessary  gap  when  cold  maybbe  calculated. 

Diixerence  of  temperature  of  the  upper  ring  and  the  cylinder 

wall  would  not  be  more  than  300°;  and  not 
mere  than  200°  for  the  lowest  ring  for  cast- 
iron  pistons.  'The  width  would  be  c  = 

If  B  X  .000,00556  X  300. 


c  ^ 


--  <• 


Example . 


For  the  lowest 


ring, 


2 


r  c- 


\ _ 


If  diagonal  cut  is  made  in 
the  ring,  the  cut  could  be 
less,  depending  on  the  angle 
of  the  cut. 


V,lth  aluminum- al  1  oy  pistons  the  clearance  may  be  reduced 

sivll|U5sedl"thirdS  thiS  figure-  "he  diagonal,  cut  is  most  enter.- 

i  ^Pnial"  and  patented  forms  of  ring  joints.  Does  not  make 
much  difference  what  this  form  of  joint  is;  but  the  cut  should  be 

undef  the^t-^1*  t0  ?rcvent  the'  ends  from  coming  together 
than  thh+  °nS  °f  temPe-ature  and  it  need  not  be  more 

•  that  amount.  Placing  cuts  evenly  spaced  over  the  circum¬ 
ference  is  not  best  arrangement. 

cviinTT^TTr—r2— ^ — — — — ’  Unit  pressure  between  ring  and 

the  hither  th  "  limitS  °f  5  and  6  lb'  per  s1uare  inch: 

the  higner  the  pressure  the  greater  the  friction  loss  and  the  ' 

more  severe  the  pounding  upon  the  ring-groove  walls. 
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The  size  ring  to  exert  the  required  pressure  may 

l>e  calculated  by  the  principles  of  the  elastic  curve  of  a  uniformly 
caded  beam.  '  Conditions  for  uniform  stress  cannot  be. realized. 

Size  should  be  checked  to  see  that  fiber  stress  is  safe,  both  when 
m  place  and  when  being  placed  in  the  piston.  ?Jhen  sprung  over 
the  piston  /  S  '  B 

t  =  b\ /  ---  = 

V  E  .  32 

'  -s-.  A p  Biston  Rings_.  •  Rings  cf  good  iron  will  return  to 

their • original  shape  after  being  stressed  nearly  to  the  breaking 
point.  The  .ultimate  flexural  strength  may  reach  75  percent  above 
ultimate  tensile  strength  under  axial  load , -allowable  fiber  stress 
may  be  greatly  exceed  that  permitted  in  direct  tension.  - 

gidth.  ef  Rinft,  A  narrow  ring  is  preferred  to  a  wide  one  in 
orcjer  to  reduce  friction;  and  a  concentric  ring  is  preferred  to 
an  eccentric  ring  in  order  to  give  better  bearing  in  the  piston 
grooves .  .  Avoid  use  of  delicate  parts  that  may  be  broken  in  ser¬ 
vice  or  m  assembling  the  ring  to  the  piston. 

CjlQ.ip e  .of, , H i n& .  Use  ordinary  plain  concentric  cast-iron 

rings.  Rings-  should  be  made  as  narrow  as  possible;  the  narrower 
the  ring  the  less  both  the  friction  and  the  inertia,  hence  the 
lower  the  total  pressure  against,  and  the  wear, on, the  s 
sides  of  the  ‘grooves. 

The  radial  thickness  determines  the  spring  tension  against 
the  cylinder  walls.  So  long  as  this  is  above  a  certain  figure 
there  is  no  object  in  increasing  the  thickness,  which  merely  in¬ 
volves  an  increase  in  friction  and  wear  on  the  cylinder  walls. 

In  a  well-made  ring  a  spring  pressure  of  from  5'  to  6  lbs'  per 
square  inch  is  sufficient,  and  any  further  pressure  results  merely 
in  e  xtra  iriction  without  any  compensating  advantage.  The  spring 
tension r equired,  however,  depends  to  some  extent  upon  the  amount 
of  clearance  between  the  "lands"  .of  the  piston  and  the  cvifnder 
walls.  If  clearance  is  too  great,  a  considerable  area  of  the 
side  of  the  ring  may  be  explosed  to  the  full  gas  pressure,  and 
the  ring,  may  be  pressed  so  hard  against  the  lower  face  of  the 
groove  that  its  spring  tension-will  not  overcome  the  friction 
against  the  side  of  the  groove  * 


* 


w 


•  ; 
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.  The  top  land  should  always  he  as  deep  as  possible,  to  provide 
adequate  protection  for  the  top  piston  ring. 

Difference  of  opinion  both  as  to  the  most  desirable  stiffness 
oi  spring  tension  and  as  to  the  width  of  the  ring.  Stiffness 

depends  much  on  accuracy  of  workmanship,  -When  workmanship  is  of 

high  order j  a  spring  tension  of  4  to  5  lb,  per  square  inch  is 
sufficient. 

As  to  the  width  of  the  ring,  there  can  be  little  doubt  that 

the  narrower  it  is  the  better,  the  area  of  the  surface  in  the  rinr- 
grooves  is  governed  solely  by  the-  radial  thickness,  while  both 
the  inertia  and  the  friction  drag  of  the  rings  is  directly  pro¬ 
portional  to  the  width.  The  loadings  on  the  sides  of  the  groove 
and  the  wear  will  increase  directly  in  proportion  to  the  width  f 
the  ring.  bear  in  the  ring -grooves  is  ori  of  the  most  trouble¬ 
some  features;  cnee  a  ring  becomes  slack  in  its  groove  its  recipro¬ 
cating  motion  therein  converts  it  into  an  efficient  pump  for 
punping  oil  into  the  combustion  chamber. 

In  practice  the  minimum  width  of  a  piston  ring  is  determined 
largely  by  manufacturing  considerations  and  its  fragility  in 
handling  ana  generaly  speaking  it  should  be  as  narrow  as  is  con¬ 
sistent  with  ease  of  handling  and  of  manufacture. 


. 
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The  Cbnnectinm  Rod 


Functions  of  the  connecting-rod. 

Ratio  of  connecting-rod  length  to  crank  length.  Large  ratio 
reduces  friction,  wear,  and  vibration;  short  rod  gives  a  lighter 
motor,  over-all  dimension  of  engine  is  lower. 

Important  that  piston-end  shall  be  as  light  as  possible.  The 
connecting-rod  is  almost  invar ia  bly -machined;  little  doubt-  that 
I  section  is  the  best,  but  expensive.  Bolts  of  the  big-end  are 
a  source  of  weakness;  a  certain  amount  of  deformation  of  the  big- 
end  bearing  generally  takes  place,  and  severe  stresses  are  thrown 
upon  the  bolts;  moreover,  continual  reversal  of  stress  tends  to  cause 
the  metal  to  become  brittle;  generally  advisable  to  renew,  or  to 
anneal  the  big-end  bolts  from  time  to  time.  In  high-class  engines 
it  is  customary  to  forge  the  big-end  bearing  cap  in  one  piece  with 
tne  rod,  and  afterwards  part  it-  through  the  center.  There  have- 
been  many  accidents  due  to  broken  big-end  bolts  with  marine  type 
of  bearing. 

Chief  considerations  in  design  of  connecting  rod  are i 

(1)  That  it  shall  be  stiff  enough  to  resist  hot  only 
bending  and  crushing,  but  also  vibration. 

(2)  That  it  shall  be  as  light  as  possible. 

(3)  That  the  big-end  of  the  red  shall  be  sufficiently  rigid 
tc  ensure  adequate  support  to  the  bearing. 

To  fulfill  conditions  (l)  and  (3)  means  that  the  section  of  the 
rod  must  have  an  ample  margine  of  safety.  \7hen  I  section  rods  are 
used,  the  section  must  have  sufficient  width  to  resist  vibration 
in  the  plane  of  the  crankshaft,  as  well  as  sufficient  depth  to 
resist  bending,  -  many  troubles  due  to  vibration  sideways. 

The  connecting-rod  is  subjected  tc  alternating  tensile  and 
compressive  stresses,  and  also  to  flexural  stresses  due  to  centri¬ 
fugal  forces.  Greatest  tensile  stress  occurs  at  head-end  of 
stroke,  due  to -inertia  force..  At  crank-end  dead-center  the  stress 
is  compressive.  The  explosion  pressure  of  the  gas  within  the 
cylinder  puts  a  compressive  load  on  the  connecting-rod  which,  at 
ordinary  speeds,  is  greater  than- the  compressive-  force  due  to 
inertia  at  the  lower  dead-center. 
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In  the  design  of  the  connecting-rod  body  we  should  first 
calculate  the  cross-section  with  respect  to  the  compressive  forces 
and  then  investigate  for  the  unit  stresses  under  the  tensile  and 
the  f lectural  loads.  The  direct  axial  compressive  stress  is 
increased  by  the  tendency  to  lateral  deflection  which  produce's 
a  flexural  stress,  adding  to  the  axial  stress  on  one  side  and  de¬ 
ducting  from  it  on  the  other  side.  This  inclination  to  spring 
to  the  side  is  influenced  by  the  condition  of  the  ends. 


In  the  plane  of  rotation, 
the  connect ing-rod  is  free  to 
swing  about  the  journals  and  may 
assume  the  shape-  in  diagram  2, 

When  the  ends  are  restrained,  the 
column  takes  the  form'  of  a  com¬ 
pound  curve  shown  in  diagram  1. 

Tms  is  the  case  of  the  connecting- 
rod  in  the  plane  of  the  bearing 
axis  * 

Fixing  the  ends  quadruples 
the  resistance  to  buckling.  Hence, 
moment  of  inertia  of  the  section 
in  the  plane  of  rotation  would 


Le  i ©ur  times  as  grdat  as  moment  of  inertia  in  plane  of  bearing 
axis.  .  1 t 


To  produce  the  same  fiber’  stress  in-the  rod 
a  omit  the  two  normal  axes  of  the  section,  it  is 
necessary  to  make-  the  radius  of  gyration  in  the 

plane  of  rotation  twice  as  great  as  the  radius  of 
gyration  in  the  plane  of  the  bearing  axes .  The  width 
of  the  flanges  must  be  determined  to  make  the-  moment- 
about  axis  2-2  four  times  as  great  %s  about  axis  1-1. 


-j  sc; 


Litt  e  ad  ar.ta_.e  results  from  use  of  a  tapered  rod:  for  s-tre3S 

erds°inadire^Ula  ^  n°Vmttch  greater  at  the  center  than  at  the 
tncto  in  direct  compression-. 

Tubular  section  has  advantage  of  being  easily  machined  and  of 
permit Ling  use  cf  a  higher  working  unit  stress. 

The  mcst  economical  lerm,  in  the  matter  of  material,  is  the 
I  section, 

,  f*  I5  most  important  to  keep  the  weight  of  the  connecting-rod 
1  °  c  Pcsst  e  consistent  with  fulfilling  other  requirements. 

In  many  cases  it  is  quite  as  important  to -keep  down  the  weight  of 
■the  rotating  end  -as  the  reciprocating- end.  In  a  six-cylinder 
e  gme  the.  rotating  weight  plays  a  more  important  part  than-  the 
reciprocating  weight;  In  a  four- cylinder  engine  it  is  the  reciprocr- 
tmg  weight  of  the  connecting-rod  which  must  be  first  donsidered. 

.  -n  the  design  o.  the  big-end  the  first  consideration  is  to  ob- 
ain  a  uniform  support  for  the  bearing;  and  not  only  must-  the  eye 

+  ~‘C  t  ®  ®ade  aS  rl'Gid  as  Possible,  but  also  the-  load  transmit- 

ted^down  che  rod  must  be  distributed  over  it  as  uniformly  as  pos- 

.  ’*  -elcss  to  provide  a  wide  bearing  because  of  practical 

IS-  ll^y  either  of  obtaining  the  necessary  rigidity  or  of  dis- 

whethenng  .  1fd  °Ver.it-  In  Ricardo's  opinion,  it  is  doubtful 
the  v~  rSfdl  Dcaring  surface  can  be  obtained  when  the  width  cf 
case  ifn  aring  eXOeedB-^e  diameter  of  the  crank-pin;  in  any 
th„ir  1unrt  Slra!?e  t0  radius-out  the  -outer  webs-  of  the  shank  at 
bettL  "  the  big-"end  in  °rder  tc  ^is  tr  ibute  the  load 

the  two  h-'lTOqCLf0Cc0f  weajjness  is  lack  of  sufficient  abutment  for 
t  S  ^  halV6S  of  "he  oonnecting-rod  bearing,-  the  eye  tends  tc 

close-in  and ‘nip  the  crankpin 
at  the  sides.  Figure  A  shows 
a  design  of  hig-end  which  gave 
rise  to  constant  failures  of 
crank-pin  hearings.  Figure  B 
shows  the  same  rod  after  the 
design  had  “been  corrected,  - 
no  further  trouble  arose. 

Problem  of  fitting  the  beam¬ 
ing  in  the  connecting-rod  big- 
end  -has  always  been  a  difficult 
one.  Most  reliable  m  t .'hod  is 
tc  run- m  the  white  me t al , 

Ihere  are  practical  objections 
to  this  method; 
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(l)  In  the  event  of  the  lining  being  run-cut,  it  is  not 
easily  replaced.  ' 

O)  If  the  lining  runs-out,  the  steel  surface  of  the  rod  will 
d°gL  ln  contact  1Tlth  the  crankpin  and  may  do  considerable 

^en  high  tensile  steel  rods  are  used,  if  is  difficult  to 

^  e  rearing  metal  to  adhere  uniformly,  and  it  is  not 
easy  to  ensure  good  metallic  contact.. 

, ,  ^cuevcr,  direct  white  metalling  of  the  red  itself,  is  probably 
a  C  °n  y  satisfactory  method  for  high-duty  engines.  Alternatives  ■ 

!fC  ,iC  CaSt  white“meta-l  "bearings  or  white-metal -lined  bronze  shells 
xermer  are  suitable  only  for  light  duty;  also  they  are  open  to 
g  objection  that  if  the  white  metal  runs-cut  the  steel -of  the  rod 
ill  come  in  contact  with  the  crankpin;  for  medium-duty,  bronze 
s  ells  lined  with  a  thin  lining  of  white  metal  offers  the  most  satis 

act cry  compromise.  The  white-metal  lining  should  always  be  thin, 
from  1/32”  to  l/l6»  is  ample. 

Mi- te rials ,  The  metal  in  most  common  use  is  carbon  steel, 

trea'te(i-  For  high-grade  motors  a  steel  of  chrome-nickel  or* 
rome  vanad^ium  alloy,  also  heat  treated,  is  sometimes  employed. 

c  fulfill  ohe  requirements  as  regards  rigidity,  necessitates 
c.mple  margin  of  safety;  there  is  seldom  occasion  to  caj.1  for 
‘gh  tensile  alley  steels.  Recently  the  use  of  special  aluminum 
oy  has  been  tried,  and  has  been  found  satisfactory  in  several 
g  .  .  The  advantages  of  aluminum  connecting-rods  are  important, ■ 
cnly  1  g  ■  the  weight  of  the  red  reduced  to  -less  than  half  that  of 
t  1^s  dermal  conductivity  is  four  or  five  times 

^  .  before  .ve  can  be  satisfied  definitely  that  the  aluminum 

r  crmly  reliable,  it  will  be  necessary  to  have  experience 
/  S  Prclonged  use  of  many  hundred  of  rods. 

Typical  Connecting-Rods. - 

r  Cylinders  in  the  two  rows  are  staggered  so  that 

e  ig  ends  of  each  pair  lie  side  by  side  on  the  same  crankpin. 
e  rc  .s  are  much  the  same  as  for  a  vertical  engine.  (illustrate) 
The  more  common  practice  with  V  engines  is  to  place  the  cylindc 
cf  each  pair  opposite  one  another  which  puts  the  connecting-rods  int 
oe  same  plane.  With  the  Liberty,  Hi  span o- Suiza,  and  others,  each 
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pair  cf  rods  consists  of  a  plain  rod  and  a  forked  rod.  The  forked 
rod  c  1-amps  the  big  end  bronze  bushing;  the  plain  red  works  on  the  * 
outside  of  this  bronze  bushing  between  the  forks  cf  the  forked  rod. 
Difficult-  problem  to  make  -the-  twon rods  cf  different  f orm  eexactly 

alike  as  regards  v/eight,  center  of  gravity,  and  radius  cf  gyration. 
(Illustrate  each). 

A  master  rod  is  used  and  a  shorter  rod  is •attached  to  a  pin 
which  i s^h-ela  in  the  big  end  cf-  the  master  red. 

In engines  the  -articulated  red  is  most  common.  The  Napier 
“in on "  uses  a  central  master  rod.  on  -each  side  of  which  is  mounted 
an  articulated  red  carried  on  pins  fixed  in  lugs-inte  gral  with  the 
big  end  of  the  master  red,  ..  . Character  cf  motion.  W 

The  articulated  -arrangement  suffers  some  disadvantages.  Ex¬ 
plosion  pressures  tran-smi  c  i  ed  along  the  -short  rod  impose  stresses 
on  tiie  master  roe  which  under  unfavorable  conditions  may  be  serious. 

— . P--usiQ1I°  Connecting-  rods  must  be  as  light  as  possible  con- 
sis  ten  t  •  wi-t-h- rigidity  ana  -strength,  in  order  to  reduce  the  inertia 
forces  -of -reciprc cation  and  rotation.  The  crankpin  bosses  require 
adequate  -reinforcement  to  prevent  distortion  with  consequent  bind¬ 
ing  of  the- bearings -under  heavy  pressure.  The  liners  must  have 
intimate  contact  with  the- -red  to  facilitate  the  flow  of  heat  from 

the  -bearing  surfaces,.  The  bores  of  the  wrist-pin  and  the  crankpin 
bosses  must  be  parallel  vn  th  each  other. 

Lignt  weight  and  uniform  section  is  secured  by  machining  the 
connecting  rod  all  over.  Both  the  tubular  and  the  I  sections  are 
popular.  The- ratio  of  connecting-rod  length  to  crank  varies  be¬ 
tween  3,4  and  4.-5  with  an  average  of  about  3,6. 


The  Crankshaft 

:  Tile  crankshaft  is  subjected  to  three  forces  -  the  gas  pressure 
on  the. -piston,  the  inertia  force  of  the  recipro-cating  masses,  and 
the  inertia  force  of-  the  rotating  masses.  These  forces  set  up  varied 
stresses-  compressive,  tensile,  flexural,-  and  torsional- in  different 
-irect-i-ons-  and  in  variable  proportions  during  the  cycle. 

The-  proportioning  of  the  crankshaft  is  characterised  by  greater 
ttiagr semen t  among  -designers  than  that  of  any  other  part  cf  the 
engines.  Different  makes-  use  crankshafts  of  which  the  diameters 

/ary  by  as  much  as  40  per  cent  for  engines  of  the  same  leading  di- 
'lunsi-.ui!?* 


The  actual  dimensions  arc-  generally  fixed,  not  by-  the  strength 
required,  but  by  such  considerations  as  bearing  surface  and  ri-gi&ity 
-  Tendency  toward  h-igher  speeds-  and -higher -me an  gas  pressure?, 
has  a  dedided-  influence  upon  crankshaft  development.  Journal 
diameters  have  -increased  steadily  -with  ‘the  need  for  greater-  rigidity 

while  journal  lengths  have  shortened  with  improvement  in  bearing 
lubrication*  -  . .  . 

Generally  speaking,  if-  the-  crankshaft  is  large-  enough  in 
diameter  to  be  free  from  whip,  and  to  provide  the  bearing  surface 
necessary,  it  will  -have  more  than  sufficient  strength.  To  provide- 
adequate  bearing-  surface  the  projected  area  of  the  crahkpin  should, 
be  at  least. 30  per  cent  of  the  area  of  the  piston  for  a  pis  ton 
•speed  of  1000  ft.  per  minute,  and  the  diameter  of  the  pin  will  be 

equal  to  nearly  half-  that  of  the  piston,'  which  is  considerably 
g-re-a  ter -than  is  needed  to  resist  any  bending  stress.  Much  de¬ 
pends  upon  both-  the  speed  and  the -method  of  lubrication-* -  It  is 
advisable, in  'order  to  avoid  torsional  vibrations,  to  empby  still 
heavier-  crankshafts.  . - . .  '  .  .. .  . 

---  when  the  rubbing  velocity  exceeds  about  8  ft.  per  second  -  the 
load  factor  only,  -  that  is,-  the  product-  of  load  and-  speed,  need  be 
taken-  into  account;  the  maximum  pressure,  so  long  as -it  is  not  - 

high  enough  to  distort  or  crush  the  bearing  material,  is  of  little 
moment  r-  .  -  . . •  •  . ;  . ' 

•  - :  Limiting  Load  fatter,-  The  highest  load  factor  which  can 
safely  be  carried  by  a  bearing  depends  upon: 

(l)  The  degree  of  lubrication.  .  ‘ 

(2}  Both  the  viscosity  and  the  oiliness  of  the  oil. 

(3)  The  facilities ‘ for  conducting  away  the  heat  generated 
in  the  bearing* 

.-  Under  the  most  favorable  circumstances,  load  factors  as  high 
a-s  20,000  lb.-  ft.  per  second  can  be  safely  carried  in  a  journal 
bearing  with  alternating  load.  -  -•  -  -  -  • 

.  There  the  rubbing  velocity  is  low  the  only  limit  to  the  maxi- 
'mum  load  is  set  by  the  rigidity  of  the  members.  There  is  nc  danger 

c:f  the.  oil  film  being  broken  down  by  pressure  alone,  provided 
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ther-e .  is  scope  for  replenishment.  T/hen  serious  distortion  takes 
place,  the  load  factor  will  be  increased  locally  causing  rapid 
local  heat  flow  and  ultimate  breakdown  of  the  oil  film* 

From  point  of  view  of  reducing  the  load  factor  the  requisite 
area  of. bearing  surface  should  be  obtained  by  lengthening  the  journal 

rather  than  by  increasing  its  diameter;  since  any  increase  in  dia¬ 
meter  involves  a  corresponding  increase  in  rubbing  speed.  On  the 

other  hand,  from  the  point -of  view  of  rigidity  and  freedom  from  dis¬ 
tortion  a  long  journal  is  very  undesirable,  since  the  load  cannot 
be  evenly  distributed  over  it,  nor  can  so  mucja  cooling-  oil  be  cir¬ 
culated  through  it.  TTi-th  loads  that  obtain  in  the  bearings  of  a 
giGh- speed  engine,  the  pressures  are  so  high  that  it  is  seldom  prac¬ 
ticable  on  the  score  of  distortion  to  make- a  journal  wider  than 
one  and  a  half  times  its  diameter.  Generally  speaking  it  is  de¬ 
sirable  sc  .to  arrange  the  main • bearings  that  the  width  of  the  journal 
is  about  equal  to  the  diameter. 

Material .  -  The  ratal  from  *ich  the  crankshaft  is  constructed 

should  -be  tough  enough  to  withstand  shocks  and  hard  enough  to  resist 
wear.  .  ....... 


Since  the  crankshaft  should  not  deflect  greatly  underload, 
either  laterally  or  in  torsion,  the  diameter  is  usually  not  based 
upon  the  permissible  working  stress,  but  upon  +he  modulus  of  elastic! 
.n  the  other  hand,  a  high  factor  of  safety  is  recommended  in  order 


to  diminish  the  probability  of  fracture  by  fatigue.  The  working 

fiber  stress  is  therefore  kept  low  to  reduce  the  distortion  while  the 
ultimate  strength  is  given  a  high  value  to  prevent  fatigue. 

There  is  always  a  considerable  difference  of  opinion  as  to  the 
most  suitable  material  for  crankshafts.  The  two  ^essential  reey  ire- 
ments  are  resistance  to  fatigue  and  surface  hardness.  Since  it  is 
rigidity  which  largely  controls  the  design. of  a  crankshaft,  all 
steels  are  nearly  on  a  par  in  this  respect.  In  Ricardo’s  opinion 
a  straight  carbon  steel  fulfills  all  the  requisite  conditions  quite 

satisfactorily  for  most  purposes  except  for  aircraft  engines.  These 
engines  are  excepted  because: 


- 
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(1) 

(2) 

(3) 


Having  no  flywheel  ,'  aircraft  engines  are  }ess  susceptible 
to  torsional  oscillations  in  the  crankshaft,  and  the 
shafts  can  be  made  considerably  lighter. 

In  order  to  save  weight  in  the  shaft  and  in  the  design 
generally,  a  bearing  is  always  fitted  between  each 
crankthrow,  hence  the  tendency  to  whip  is  greatly  reduced. 
Owing  to  their  relatively  short  working  life,  the  area 

of  bearing  surface  is  generally  cut-down  in  order  to 
reduce  weight. 


For  these  reasons,  the  crankshaft  for  an  aero  engine  maybe 
nude  relatively  much  lighter  than  for  other  types,  and,  a  s  a  result, 
it  is  much  more  highly  stressed. 

Fracture  of  a  crankshaft  cf  reasonable  design  is  a  rare  occur¬ 
rence, and  is  generally  due-either  to  want  of  adequate  fillets  at 
•the  crankpins  and  journals,  or  to  periodic  torsional  vibration; 

either  cf  these  causes  will  result- in  eventual  fracture  from  fatigue 
no  matter  what  the  material  may  be. 

It  is  particularly  important  that  the  fillets  at  the  junctions 
cf  the  crankpins  and  journals  with  the  crank  webs  should  he  of 
edequate  size,  -  not  less  than  3/8  in.  radius. 

he  impo. tant  consideration  today  is  to  reduce  the  rate  of 

we  ar  c 

t  ‘  * 

.  ear  1S  generally  due  to -abrasive  action  of  particles  of  grit 

^  "t'ne  therefore,  the  rate  of  wear  depends  upon  the 

thickness  of  the  oil  film,  which,  ip  turn,  depends  upon  the  pressure 
and  temperature. 

Rate  of  wear  also  depends  upon  the  hardness  of  the  surfaces 
ma  eri„ls.  is  desiraale  that  the  difference  in  hard¬ 

ness  between  the  two  surfaces  should  he  as  large  as  possible. 

The  once  popular  idea  that  a  hard  white  metal  should  he  used  is 
erroneous,  -  the  surface  of  the  white-metal  should  he  as  soft  ~s  is 
consistent  with  the  necessary  resistance  to  crushing.  The  worst  ' 

rc  ortts.  arc-  found  when  two  similar  and  relatively  soft  materials 
nre  used  for  the  two  members  of  a  bearing. 
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In  the  case  of  hardened  steel,  both  surfaces  are  sc  hard 
“  TeftUttle  affected  by  grit;  but,  in  the  event  of  • 

^  01  tlle  011  film>  the  tw°  are  liable  to  become  welded. 

,  .  '  Ue  thS  greatest  wear  generally  occurs  in  the  main  journal 

searings,  actual  failure  of  the  bearing  material  is  more  frequent 
the  crankpSns,  even  when  both  journal  and  crankpin  bearings 

""i“M  «»  The  greater  liabimf 

to  failure  of  the  crankpin  bearings  is  due  to: 

(1)  upon!maller  h6at  °apacity  which  the  bearing  has  to  draw 

(2)  Inadequate  support  of  the  bearing  in  the  connecting  rod. 

In  the  event  of  a  temporary  stoppage  or  si  owing-down  of  the 

+  0faulatlon>  the  crankpin  bearing  will  attain  a  much  higher 
empem  ure  than  tne  mam  journal  bearings  because  the  latter 
have  behind  them  the  heat  capacity  of  the  whole  crankcale 

.  w  1  th  regard  to  wear,  in  most  lubrication  systems  the- oil  is 
■  e  l vered  first  to  the  main  journal  bearings,  and  passes  thence 

. °  ®  °rankpin  hearings,  with  the  result  that  the  journal  bear- 

lngs  receive  and  retain  most  of  the  grit. 

t>p  ■,R?w°f+Wear  a?:'earS  t0  be  almoSt  direotly  proportional  to 
.  "  *ac  Cx  on  hhe  bearing,  and  the  surface  hardness  of  the 

almys'most  rapid  at  the  bearing  which 
receives  its  lubrication  first. 

.  ^  ^ vantage  o0  "be  gaine-d  by  the  substitution  of  ball  bear- 

ciencv-S  the^  *  fr°m  th®  P°int  of  view  of  mechanical  effi- 

’  r  real'ad vantage  lies  in  the  fact  they  require  very 
little  -lubrication.  y 

The  great  objection  to  the  use  of  ball  or  roller  bearings 
or  ciankohaft  and  connecting-rod  bearings  is  the  difficulty  of 
Getting  them  into  position. 

o-rPAgf*  haS  hsen  pointed-out  that  the  bearing  loads  at  high 
U  & re  c‘ue  mainly  to  inertia  forces,  which  may  exceed  the  ex- 

l"  •  .  1  °n  rre ssurc •  The  resulting  mean  bearing  pressure  is  very 
ug-i  and,  unless  seme  means  are  used  to  cool  the  bearings  and  the 

° p  „  0ll  WlU  "0t  have  a'high  encugh  viscosity  to  separate  the 

to  the  w  t  ’  T°  OTerCome  thia  difficulty ,  a  method  analogous 

to  the  water-cooling  system  is  often  used.  The  oil  reservoir  is 

ome  lmes  cast  with  cooling  fins  to  dissipate  the  heat;  an  oil 
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1*  would  be  the  thermal  efficiency '  of  an  enp-in^  + 

pives  a  maximum  temperature  of  2800°  F. ,  temp,  at  exhaust  tPon»p 
50°F. ?  compression  600  P. ,  if  temperature  of  atmosphere  is 

2'  D13*  are  DS  adTantages  of  high  compression? 

v  i  -ns.  are  the  objections  to  high  compression? 

-Is  riinni-n®fisftnitioA  iS2?°  in  advance  of  dead-center  when  engine 
is  running  1500  r.p.m.  (a)  at  about  what  crank  angle  would  thf 

Ucy.imum  explosion  pressure  be  reached?  (b)  at  about  what  crank 
angle  would  the  combustion  be  complete?  k 

4.  ‘That  would  be  the  percentages  of  C0o  m  ans  n  •, 

cases  if  ratio  of  air  to  gasoline  in  the' mixfure  is^V  ?0“,exhaust 

5.  (a)  The  exact  timing  of  which  of  the  four  valve-events  is 
buretcr?0r°?nt  1B  am  ultiple-cylinder  engine  supplied  by  one’  car-° 

„  n.  v?lves  are  set  for  giving  maximum  power 'at  high 

Iwspeedf/  the  engine  not  run  as  wel1  nor  be  as  flexibll  at 


-xr.,  ’vould  ’De  the  temperature  at  the  end  of  the  suction 

f-es  isfl?OD°rpSS1+k  ra^10,is.5  and  the  temperature  of  the  exhaust 
g  ..es  is  1800  Do,  the  air  begins  at  50°  F? 

the  hlghes^thermal’efficiencyf  ^  t0  gaSoline  in  gives 

(b)  What  mixture  strength  gives  complete  combustion? 

ni8*  tiie  temPer^ture  of  the  inlet  charge  is  155°  F  wh-f" 

would  be  the  ideal  volumetric  efficiency?  ’  1 

pressure  Yf-  I^ibsV*6  Velooity  of  inlet  flow  if  the  suction 

fc  ten4nfhctnce"lfi't^  ’per°1000hrev!)Uld 

ic-  engine  net  ana  engine  cold?  *'  ' 

11-  If  it  is  found  that  the  exhaust  temperature  i*  %t;o  n  ?  „ 
a  mixture  strength  of  14.5,  about  what 'wouldPbe  the  exhaust  tom 
perature  for  a  mixture  strength  of  12.;  for  18.  ?t  h  t  1 

.  is  found  that  the  mean  negative  pressure  -in  +v,«  •  • 

™let  manifold  of  a  four  cylinder  engine  is  1  ’?h  Ln  the 

about  what  would  you  expect  it  to  be°at  1800  r.p.m.?  8°°  r•p<ne, 


. 
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hausting  SR®?  }■??  *y*\**S  . . 

developed  if  suitable  a^out  what  H.P.  would  be 


■500  r. p.m.  when  ex~ 


-  — ooxctxgiiu  into  the  9i>  (~\  -*w  .  .  , - mien  ex- 

Ci  eve  loped  if  suitable  exhaust  4n-l!L  aoout  what  H.P.  would  be 
if  an  efficient  silenclfis  added!  USCd?  (b)  about  what  H.P. 

is  the  pumping  loss?Wh&t  percentaEe  °f  the  total  mechanical  losses 

.  (cl  About'wha^perce'nnfthe^tct  P  fpctio” ad  losses? 

is  the  power  to  drive  all  the  -„vni»^  total  mechanical  losses' 
oil  parts,  magneto,  etc.)?  "  e  ’  (circulation,  pump, 

there  be  (aHter^gJ^ioSi^of “l^ft^e^L3" Wm  stro!ce  would 
ft.  per  sec.?  y  x  0  1Z •  Per  sec.?  (b)  for  200 

the  torque  at^ha^speed?0  S1VeS  ^90  H-p*  at  1600  r.p.m.,  what  is 

lbs.  The  weight  of^'too  HP  ^ate^cool0^6'1  Sbati?  en5ine  is  600  ' 

*  would  he  the  weight  of ‘each  power  rt ant  ®n?^e.(dry)  is'800  lbs. 

1  hour  flight,  and  for  a  10  hour  flight?  h  fuel  ’  etc-  fcr  a 

18.  ( u )  bhat  are  the  advantages  n-P  m' t 
cooled?  "  *  air-cooled  engine  over  water- 

.  .  ^hat  are  the  disadvantages? 


19. 


20. 


21. 


il)  Hoi  He6  Se  cylinder 'walls^lubricated?"^6^7 

M  Sat  should  be  t^  ioctSSS.  of  In 


what  is  the  chief  requisite  of  cam  ^f  +  r,o 


question  23fiif  the^plin^il1!!!/^^^^ SUitable  for  the  spring  in 

spring^of  SO^bl^rating^IigMng^^  ^s%Vibrati°nS  of  a  valve 

“*  the  °bJeCWOnS  ^  USe  "A-**"*  d-ge  valves' 

-Ives  better  t* £  l*nlt  hlad"  -lined 

4.1  ~T'  I'cr  what  reason  do  some  de3icnci.e  „  .. 

the  p  iston  skirt?  designers  cut-away  the  sides  cf 
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